
hereby certify that this correspondence is being deposited with the United States Postal Service ^ 
Jt^l in an envelope addressed to: Commissioner for Patents, Box 1450, Arlington, A 223 13-14! 



Signature and Deposit: November 11, 2004 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Sara^r^arov, Reg. No. 48,524 




forth below as First Class 



PATENT 



Applicants: 



Eric W. Triplett 
Thomas C. Herlache 



Date: November 11, 2004 



Serial No.: 



09/927,616 



Group Art Unit: 1638 



Filed: 



August 10, 2001 



Examiner: Georgia L. Helmer 



Title: BIOLOGICAL CONTROL OF 
CROWN GALL DISEASE 



File: 960296.97273 



DECLARATION UNDER 37 CFR § 1. 132 



Commissioner for Patents 
P O Box 1450 

Alexandria, VA 22313-1450 
Dear Sir: 

I, Eric W. Triplett, on oath say and declare that: 

1 . I am the same Eric W. Triplett who is one of the named inventors of the above- 
identified patent application. I make this declaration in support of that patent application. I 
am currently employed by the University of Florida at the Institute of Food and Agricultural 
Sciences. I am a professor and the chair of the Department of Microbiology and Cell 
Sciences. I have worked as a research scientist specializing in the general area of plant- 
microbe interactions for 26 years. I have published extensively in this area. A copy of my 
Curriculum Vitae is attached as Exhibit A. 

2. I have reviewed the Office Actions issued in this matter by the U.S. Patent and 
Trademark Office on February 18, 2004 and on August 12, 2004. I understand that currently 
Claims 1-4, 6, 13, 15-22, 24 and 25 are rejected for an alleged lack of enablement. It appears 
that the Examiner was not convinced that the method and composition for biologically 
controlling crown gall disease would be applicable to taxonomically diverse species of plants. 
Accordingly, this Declaration is submitted to provide evidence that indeed all plant species 
susceptible to crown gall disease are capable of being biologically controlled via a TFX- 
producing strain of a-proteobacteria, such as Rhizobium and Agrobacterium. 
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3. At my direction, and under my supervision, Yuemei Dong, a postdoc formerly in 
my laboratory has demonstrated in the manner described in the application that trifolitoxin- 
producing bacteria was also able to prevent crown gall disease on grapes, as was predicted in 
the patent application. Indeed, one would agree that clearly, grapes are taxonomically diverse 
from Nicotiana glauca, 

4. I note that recent laboratory experiments conducted by my research group have 
also shown that trifolitoxin-producing bacteria prevented crown gall disease on two cultivars 
of grapes. The results of these experiments have been summarized in Table 1 herein below. 
Copies of photographic images illustrating control or inhibition of crown gall disease on a 
variety of grapes are also enclosed herewith as Exhibits B-G. 

Table 1 shows that a non-recombinant trifolitoxin-producing strain, Rhizobium 
leguminosarum bv. trifolii T24, can reduce crown gall formation. Therefore, the results 
shown in Table 1 further illustrate that: 1) trifolitoxin production in three different 
Rhizobiaceae backgrounds {R, leguminosarum strain CE3, R. etli strain T24 and A. vitis 
strain F2/5) are capable of controlling crown gall; and 2) the efficacy of the methods of the 
invention goes well beyond simply Nicotiana glauca to any plant species susceptible to 
crown gall disease. 



Table 1 





Phenotype of 


Candice 


Concord 


Concord 




co-inoculum 


CG78 


CG78 


CG435 


Water 


Control 


0 


0 


0 


F2/5(pT2TFXK) 


TFX+ 


100 


83 


ND 


F2/5(pT2TX3K) 


TFX- 


0 


0 


ND 


CE3(pT2TFXK) 


TFX+ 


ND 


ND 


83 


CE3(pT2TX3K) 


TFX- 


ND 


ND 


0 


T24 


TFX+ 


ND 


ND 


50 


T24::Tn5-l 


TFX- 


ND 


ND 


0 



Specifically, Table 1 shows percent control of crown gall disease on two lines of 
grape plants (Candice or Concord) following inoculation with either of two virulent stains of 
Agrobacterium vitis (CG78 or CG435) by co-inoculation with a strain producing TFX 
(TFX+) or a non-producing strain (TFX-). I note that ND refers to the phrase not determined. 
Each data point represents at least eight replicates. These results show that plants beyond 
Nicotiana glauca are susceptible to biological control of crown gall disease via a TFX- 
producing strain of a-proteobacteria. 

5. Furthermore, I would like to emphasize that it is well recognized within the plant 
pathology art that N. glauca is a suitable indicator plant for crown gall assays. (See Annual 
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Review of Phytopathology, September (1999), vol. 37, pp. 53-80, specifically the section on 
"Genes Associated With Host-Pathogen Interactions".) A copy of this reference is enclosed 
herewith as Exhibit H. I specifically note that the operative idea in the experiments described 
in the present application is that galling on A^. glauca is representative of galUng of plants in 
general, because N. glauca is well known in this art as an indicator plant. 

6. I believe that crown gall can be controlled in all plant species susceptible to the 
disease. Susceptible plants are also well-known in the art, see for example: 
http://www.britannica.cQm/ebc/article?tocld==9361941 (date viewed online, September 30, 
2004); where it recites that "thousands of plant species are susceptible, including especially 
rose, grape, pome and stone fruits (e.g., apples, peaches), shade and nut trees, many shrubs 
and vines, and perennial garden plants." 

Furthermore, it is now also well known to those of ordinary skill in the art that a 
specific group of a-proteobacteria (i.e., Ochrobactrum, Rhodobacter, Rhodopseudomonas, 
Brucella, Rhizobium and Agrobacterium, not Bradvrhizobium) is capable of being inhibited 
by trifolitoxin. The ability of our method and crown gall biocontrol agents to control galling 
on both A^. glauca and Vitis spp. demonstrates that taxonomically divergent species of plants 
have been found that are responsive to the crown gall controlling a-proteobacteria. These 
results also demonstrate the efficacy of using the methods and compositions of the invention 
to control crown gall beyond simply Nicotiana glauca. 

7. More specifically, it is now well known that Agrobacterium causes crown gall on 
over 200 different plants, including relatives of cranberry (eg., blueberry and rhododendron), 
along with dicots and other woody plants such as grape, raspberry, and nut trees. These 
plants may all display crown gall disease when the pathogenic bacterium, such as for 
example, Agrobacterium tumefaciens carrying a pTi plasmid, enters the plant through a 
wound site. The bacteria then cause gall formation at the wound site. Infections frequently 
occur on the crown of the plant, which is the tissue near the junction of the root and stem and 
is generally near the soil surface. These infections give rise to the common name for the 
disease, i.e., crown gall. In some cases, pathogenic bacteria may systemically colonize a 
plant. For example, A, vitis is known to systemically colonize grapevines. Wounds that 
occur far from the soil, e. g., on canes or vine trunks, may display crown gall disease after 
woimding of the canes. Such wounds may occur for example, during regular vineyard 
pruning, or by frost injury, thereby rendering the plants susceptible to crown gall disease. 

8. Furthermore, I believe it is valuable to note that nodulation and galling are very 
different processes, and more importantly, occur in very different environments. In 
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particular, rhizobia infect root hairs and Agrobacterium infects wounded or de-differentiated 
(e.g., callus culture) plant tissue. In a wound, the infecting bacteria are exposed to all sorts of 
things that have leaked out of the plant cell, including proteases that could deactivate the 
TFX peptide. In fact, the deactivation of peptide antibiotics has appeared to be a problem 
with early attempts at obtaining disease control by expressing bacteriolytic peptides in 
transgenic plants. (See Herlache TC, and Triplett EW, "Expression of a crown gall biological 
control phenotype in an avirulent strain of Agrobacterium vitis by addition of the trifolitoxin 
production and resistance genes" BMC Biotechnology 2002, 2:2.) 

9. Also, generally speaking, in vitro antibiotic activity is neither necessary nor 
sufficient for biological control in plants. (See for example Burr, T. J., et al., "Biological 
control of grape crown gall by strain F2/5 is not associated with agrocin production or 
competition for attachment sites on grape cells Phytopathology" 1997; 87(7): 705-71 1.) This 
reference shows that in vitro antibiosis is not necessary for biocontrol. Many antibiotic 
producing strains have been found to be ineffective biocontrol agents. Unfortunately, I have 
found that most of this negative data has not been published. However, note that in Samac, 
D.A., et al., "Effects of antibiotic-producing Streptomyces on nodulation and leaf spot in 
alfalfa" Applied-Soil-Ecology. 2003; 22(1): 55-66, only two of fifteen in vitro antibiotic 
producing strains controlled disease in seed inoculation assays. Also see, Schmiedeknecht, 
G., et al. "Use of Bacillus subtilis as biocontrol agent. V. Biological control of diseases on 
maize and sunflowers" Zeitschrift-fuer-Pflanzenkrankheiten-und-Pflanzenschutz, 2001; 
108(5): 500-512; where biocontrol did not correlate 1:1 with in vitro antibiotic production. I 
note that these are only a few of the many references which illustrate that in vitro antibiosis is 
not sufficient for biocontrol. 

10. I hereby declare that all statements made herein of my own knowledge are true, 
and that all statements made on information and belief are believed to be true; and further, 
that these statements are made with knowledge that willful false statements, and the like so 
made, are punishable by fine or imprisonment, or both, under Section 1001, Title 18 of the 
United States Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 



Further declarant sayeth not. 




Dated: November 11, 2004 



Eric W. Triplett 
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Eric W. Triplett, Professor and Chair 



Department of Microbiology and Cell Science 

University of Florida 

1052 Museum Road 

Gainesville, FL 32611 

1-352-392-1906 (phone) 

1-352-392-5922 (fax) 

email: ewt@iufl.edu 

Date/Place of Birth: July 11, 1954, Philadelphia, Pennsylvania 
Citizenship: U.S.A. 

EDUCATION: 

1976 B.S., Biology, Cook College, Rutgers University, New Brunswick, New Jersey 
1978 M.S. Botany/Plant Physiology, University of Maryland, College Park, Maryland 
1981 Ph.D. Agronomy/Plant Physiology, University of Missouri, Columbia, Missouri 

PROFESSIONAL CAREER: 

1 976 Laboratory Assistant, Entomology Department, Rutgers University, New 
Brunswick, New Jersey, Dr. E.J, Hansens, Supervisor, toxicology work on house flies. 

1976-1978 Graduate Teaching Assistant, Botany Department, University of Maryland, 
College Park, Maryland, Taught botany and plant physiology labs, Drs. Blevins and 
Curtis, supervisors. 

1978-1981 Graduate Research Assistant, Agronomy Department, University of Missouri, 
Columbia, Missouri, Dr. D.G. Blevins, Advisor, Nitrogen metabolism in soybeans. 

1981- 1982 Postdoctorate, Biochemistry Department, University of Wisconsin-Madison, 
Dr. P. W. Ludden, Supervisor, Nitrogenase regulation in Rhodospirillum rubrum. 

1982- 1987 Assistant Professor, Plant Pathology Department, University of California, 
Riverside, Nitrogen fixation research 

1987-1990 Assistant Professor, Agronomy Department, University of Wisconsin- 
Madison 

1990-1995 Associate Professor, Agronomy Department, University of Wisconsin- 
Madison 

1995-2003 Professor, Agronomy Department, University of Wisconsin-Madison 
Research in molecular microbial ecology, plant-microbe interactions 
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EXHIBIT A 



2003 Fulbright Award, visiting scholar at the Research School of Biological Sciences, 
Australian National University, Canberra, January- July, 2003. 

2003-present Professor and Chair, Microbiology and Cell Science Department, University 
of Florida, Gainesville 

PROFESSIONAL SOCIETIES: 

American Association for the Advancement of Science 
American Phytopathological Society 
American Society for Microbiology 

International Society for Molecular Plant-Microbe Interactions 
American Society of Plant Biologists 

Editorial Board Member of AppHed and Environmental Microbiology (1997-2003) 
INVITED PRESENTATIONS (last five years): 

Invited speaker, 16th North American Symbiotic Nitrogen Fixation Conference, Cancun, Mexico, 
Februarys, 1998 

Seminar, Novartis, Research Triangle Park, North Carolina, February 17, 1998 

Invited Speaker, 1 1th International Trifolium Conference, Madison, WI, June 11, 1998 

Invited Speaker, Consortium for Plant Biotechnology Research, Washington, DC, March 3, 1999 

Invited Speaker, APS/CPS Annual Meeting, Montreal, Canada, August 1999 

Invited Speaker, 12th Intemational Congress on Nitrogen Fixation, Foz do Iqua<;u, Brazil, 

September 14, 1999 
Seminar, University of Georgia, Athens, December 9, 1999 

Invited Speaker, Agricultural Microbes I Conference, San Diego, CA, January 14, 2000 

Invited Speaker, 17th North American Conference on Symbiotic Nitrogen Fixation, University of 

Laval, Sainte Foy, Quebec, Canada, July 28, 2000 
Invited Speaker, 8th Intemational Symposium on Nitrogen Fixation with Non-Legumes, University 

of Sydney, Australia, December 5, 2000. 
Seminar, University of CaUfomia, Davis, February 2, 2001. 

Invited Speaker, 13th Intemational Congress on Nitrogen Fixation, Hamilton, Ontario, 
July 6, 2001. 

Seminar, Iowa State University, Ames, Iowa, September 27, 2001. 
Seminar, Ohio State University, March 14, 2002 

Invited Speaker, 102nd Annual Meeting of the American Society for Microbiology Salt lake City, 
UT, May 22^ 2002. 

Invited Speaker, 18^ North American Conference on Symbiotic Nitrogen Fixation, Columbia, MO, 
June 5, 2002. 

Invited Speaker, 9 Intemational Symposium on Nitrogen Fixation in Non-legumes, Leuven, 

Belgium, September 5, 2002. 
Seminar, The Australian National University, National Center for Epidemiology and Public Health, 

Canberra, June 5, 2003. 
Invited Speaker, 1 1th Intemational Congress on Molecular Plant-Microbe Interactions, St. 

Petersburg, Russia, July 20, 2003. 
Invited Speaker, 12th Plant & Animal Genome Conference, San Diego, January 11, 2004. 
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Invited Speaker, 19 North American Symbiotic Nitrogen Fixation Conference, Bozeman, MT, 
July 

1,2004. 

Invited Speaker, 10* Intemational Symposium on Microbial Ecology, Cancun, Mexico, August 
2004. 

Current support: 

NSF, A microbial observatory for the North Temperate Lakes Long Term Ecological Research 
Site, $1,000,000, 11/10/99-10/31/04, E.W. Triplett (lead PI), with co-PIs L.K. Graham, S.R. 
Carpenter, T.K. Kratz, and D.E. Armstrong 

NSF, A comparative study of a suite of lakes in Wisconsin, 11/01/02-10/31/08, S.R. Carpenter 
(lead PI), E.W. Triplett one of 26 co-PIs. (supports 0.5 graduate research assistant in Triplett 
laboratory). 

Pending support: 

NSF/USDA, Genome sequencing of a nitrogen-fixing bacterial endophyte, B.A, Methe, D.E. 
Fouts, and E.W. Triplett, $770,148 requested. 

USD A, Analysis of a nitrogen-fixing association between wheat and Klebsiella pneumoniae 342, 
E.W. Triplett, F. Altpeter, $500,000 requested. 

PATENTS (all owned by the Wisconsin Alumni Research Foundation): 

"Recombinant Rhizobium bacteria inoculants", issued February 2, 1993, no. 5,183,759 
'Tlasmid for transformation of root nodule bacteria", issued January 12, 1999, no. 5,858,762. 
"Enhanced inoculant for soybean cultivation", issued May 25, 1999, no. 5,906,929. 
"Novel microorganisms", issued June 1, 1999, no. 5,908,758. 

PUBLICATIONS: 

Scupham, A.J. and E.W. Triplett. 2004. Determination of the amino acid residues required for 
the activity of the anti-rhizobial peptide antibiotic trifolitoxin. Submitted to Molecular Plant- 
Microbe Literactions (received 6/16/04). 

Iniguez, A.L., Y. Dong., H.D. Carter, B.M.M. Ahmer, J.M. Stone, and E.W. Triplett. 2004. 
Regulation of enteric endophytic bacterial colonization by plant defenses. Submitted to 
Molecular Plant-Microbe Interactions, (in press). 

Yannarell, A.C. and E.W. Triplett. 2004. Geographic and environmental sources of variation in 
lake bacterial community composition. Applied and Environmental Microbiology (in press). 

66. Iniguez, A.L., Y. Dong, and E.W. Triplett. 2004. Nitrogen fixation in wheat provided by 
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Klebsiella pneumoniae 342, Molec. Plant-Microbe Interact 17:1078-1085. 

65. Graham, J.M., A.D. Kent, G.H. Lauster, A.C. Yannarell, L.E. Graham, T.K. Kratz, and E.W. 
Triplett. 2004. Seasonal dynamics of phytoplankton and protoplankton communities in a 
northem temperate humic lake; diversity in a dinoflagellate dominated system. Microbial 
Ecology (in press). 

64. Kent, A.D, S.E. Jones, A.C. Yaimarell, J.M. Graham, G.H. Lauster, T.K. Kratz, and E.W. 
Triplett. 2004. Annual patterns in bacterioplankton community variability in humic lake. 
Microbial Ecology (in press). 

63. Iniguez, A.L., E.A. Robleto, A.D. Kent, and E.W. Triplett. 2004. Significant yield increase 
in Phaseolus vulgaris obtained by inoculation with a trifolitoxin-producing, Hup^ strain of 
Rhizobium leguminosarum bv. phaseoli. Crop Management (online only: 
http://www.plantmanagementnetwork.org/pub/cm/review/2004/yield/, 5 pages). 

62. Yannarell, A.C. and E.W. Triplett. 2004. Within- and between-lake variabiUty in the 
composition of bacterioplankton commimities: investigations at multiple spatial scales. Appl. 
Environ. Microbiol. 70:214-223, 

61. Yannarell, A.C, A.D. Kent, G.H. Lauster, T.K. Kratz, and E.W. Triplett. 2003. Temporal 
patterns in bacterial communities in three temperate lakes of different trophic status. Microbial 
Ecology 46:391-405. 

60. Kent, A.D., D.J. Smith, BJ. Benson, and E.W. Triplett. 2003. Web-based phylogenetic 
assignment tool for analysis of terminal restriction fragment length polymorphism profiles of 
microbial communities. Appl. Environ. Microbiol. 69:6768-6776. 

59. Dong, Y., A.L. hiiguez, and E.W. Triplett. 2003. Quantitative assessments of the host range 
and strain specificity of endophytic colonization by Klebsiella pneumoniae 342. Plant and Soil 
257:49-59. 

58. Dong, Y., M,K. Chelius, S. Brisse, N. Kozyrovska, G. Kovtunovych, R. Podschun, and E.W, 
Triplett. 2003. Comparisons between two Klebsiella: the plant endophyte K pneumoniae 342 
and a clinical isolate, K, pneumoniae MGH78578. Symbiosis 35:247-259. 

57. Dong, Y., A.L. Iniguez, B.M.M. Ahmer, and E.W. Triplett. 2003. Kinetics and strain 
specificity of rhizosphere and endophytic colonization by enteric bacteria on seedlings of 
Medicago sativa and Medicago trucatula, Appl. Environ. Microbiol. 69:1783-1790. 

56. Chelius, M.K., J.A. Henn, and E.W. Triplett. 2002. Runella zeae sp. nov., a novel Gram- 
negative bacterium from the stems of surface-sterilized Zea mays. Inter. J. System. Evol. 
Microbiol. 52:2303-2308. 

55. Leong, S.A., C. Allen, and E.W. Triplett, eds. 2002. Biology of Plant-Microbe Interactions, 
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Vol. 3, International Society for Plant-Microbe Interactions, St. Paul, MN, 360 pp, 

54. Scupham, A. J., Y. Dong, and E.W. Triplett. 2002. Role of tfxE, but not tfxG, in trifolitoxin 
resistance. Appl. Environ. Microbiol. 68:4334-4340. 

53. Kent, A.D. and E.W. Triplett. 2002. Microbial communities and their interactions in soil 
and rhizosphere ecosystems. Annu. Rev. Microbiol. 56:2 11 -236. 

52. Herlache, T.C. and E.W. Triplett. 2002. Extending the host range of the biological control 
phenotype expressed by avirulent Agrobacterium vitis F2/5 by addition of the trifolitoxin 
production and resistance genes. BMC Biotechnology 2:2. 

51. Riggs, P.J., R.L. Moritz, M.K. Chelius, Y. Dong, A.L. Iniguez, S.M. Kaeppler, M.D. Casler, 
E.W. Triplett. 2002. Isolation and characterization of diazotrophic endophytes from grasses and 
their effects on plant growth. In: Nitrogen Fixation: Global Perspectives, Proceedings of the 13^^ 
International Congress on Nitrogen Fixation, T.R. Finan, M.R. O'Brian, D.B. Layzell, J.K, 
Vessey, W.E. Newton, eds. pp. 263-267. 

50. Riggs, P.J., M.K. Chelius, A.L. Iniguez, S.M, Kaeppler, and E.W. Triplett. 2001. Enhanced 
maize productivity by inoculation with diazotrophic bacteria. Austr. J. Plant Physiol. 28:829- 
836. 

49. Yanni, Y.G., R.Y. Rizk, F.K. Abd El-Fattah, A. Squartini, V. Corich, A. Giacomini, F. de 
Bruijn, J, Rademaker, J. Maya-Flores, P. Ostrom, M. Vega-Hemandez, R.L Hollingsworth, E. 
Martinez-Molina, P. Mateos, E. Velazquez, J. Wopereis, E. Triplett, M. UmaH-Garcia, J.A. Anama, 
B.G. Rolfe, J.K, Ladha, J. Hill, R. Mujoo, P.K. Ng, and F.B. Dazzo. 2001. The beneficial plant 
growth-promoting association of Rhizobium leguminosarum bv. trifolii with rice roots. Austr. J. 
Plant Physiol. 28:845-870. 

48. Dong, Y., J.D. Glasner, F.R. Blattner, and E.W. Triplett. 2001. Genomic interspecies 
microarray hybridization: rapid discovery of three thousand genes in the maize endophyte, 
Klebsiella pneumoniae 342, by microarray hybridization with Escherichia coli K12 open reading 
frames. Appl. Environ. Microbiol. 67:1911-1921. 

47. Chelius, M.K. and E.W. Triplett. 2001. The diversity of Archaea and Bacteria in the roots of 
Zea mays L. Microbial Ecology 41 :252-263. 

46. Fisher, M.M., J.L. Klug, G. Lauster, M. Newton, and E.W. Triplett. 2000. Effects of resources 
and trophic interactions on fireshwater bacterioplankton. Microbial Ecology 40:125-138. 

45. Chelius, M.K. and E.W. Triplett. 2000. Dyadobacter fermentans gen. nov., sp. nov., a novel 
gram-negative bacterium isolated fi-om surface-sterilized Zea mays stems. Inter. J. System. Evol. 
Microbiol. 50:351-358. 

44. Chelius, M.K. and E.W. Triplett. 2000. Diazotrophic endophytes assoicated with maize. In: 
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Prokaryotic Nitrogen Fixation: a Model System for the Analysis of a Biological Process, E.W. 
Triplett, ed., Horizon Scientific Press, Norfolk, UK, pp. 779-792. 

43. Scupham, A.J., E.A. Robleto, and E.W. Triplett. 2000. Solving the competition problem: 
genetic and field approaches to enhance the effectiveness of the Rhizobium-logame symbiosis, hi: 
Prokaryotic Nitrogen Fixation: a Model System for the Analysis of a Biological Process, E.W. 
Triplett, ed.. Horizon Scientific Press, Norfolk, UK, pp. 251-278. 

42. Triplett, E.W. (Ed.). 2000. Nitrogen fixation: a model system for the analysis of a biological 
process. (A compilation of 44 chapters written by experts firom around the world.) Horizon 
Scientific Press, Norfolk, UK, 800 pp. 

41. Chelius, M.K. and E.W. Triplett. 2000. hnmunolocalization of dinitrogenase reductase 
produced by Klebsiella pneumoniae in association with Zea mays L. Appl. Environ. Microbiol. 
66:783-787. 

40. Dazzo, F.B., Y. G. Yanni, R. Rizk, F. de Bruijn, J. Rademaker, A. Squartini, V. Corich, P. 
Mateos, E. Martinez-Molina, E. Velazquez, J. Biswas, R. Hernandez, J. K. Ladha, J. Hill, J. 
Weinman, B. Rolfe, M. Vega-Hemandez, J. J. Bradford, R. L HoUingsworth, P. Ostrom, E. 
Marshall, T. Jain, G, Orgambide, S. Philip-HoUingsworth, E. Triplett, K. Malik, J. Maya-Flores, M. 
Umali-Garcia, and M. L. Izaguirre-Mayoral. 2000. Progress in multi-national collaborative studies 
on the beneficial association between Rhizobium leguminosarum bv. trifoHi and rice. In J.K. Ladha 
and P. M. Reddy (eds.), The Quest for Nitrogen Fixation in Rice, hitemational Rice Research 
Listitute, Manila, The Philippines, pp. 167-189. 

39. Fisher, M.M. and E.W. Triplett. 1999. Automated approach for ribosomal intergenic spacer 
analysis of microbial diversity and its application to fi^eshwater bacterial communities. Appl. 
Environ. Microbiol. 65:4630-4636. 

38. Triplett, E.W. 1999. Antibiosis as a means to enhance nodulation competitiveness by 
Rhizobium inoculum strains under agricultural conditions. In: Highlights of Nitrogen Fixation 
Research, E. Martinez and G. Hernandez, eds.. Plenum Publishers, New York, pp. 225-229. 

37. Chelius, M.K. and E.W. Triplett. 1999. Rapid detection of endomycorrhizal fungi in roots and 
soil of an intensively managed turfgrass system by PGR ampUfication of small subunit rDNA. 
Mycorrhiza 9:61-64. 

36. Triplett, E.W. 1999. Proposal and justification for a new Division of Environmental 
Prokaryotic Biology in the NSF. ASM News 65:63-64. 
(http://www.asmusa.org/memonly/asnmews/feb99/letterl.asp) 

35. Robleto, E.A., J. Bomeman, and E.W. Triplett. 1998. Effects of bacterial antibiotic production 
on rhizosphere microbial communities firom a culture independent perspective. Appl. Environ. 
Microbiol. 64:5020-5022. 
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34. Galbraith, M.P., S.F. Feng, J. Bomeman, E.W. Triplett, FJ. de Bruijn, and S. Rossbach. 1998. 
A functional myo-inositol catabolism pathway is essential for rhizopine utilization by 
Sinorhizobium meliloti. Microbiology 144:2915-2924. 

33. Robleto, E.A., K. Kmiecik, E.S. Oplinger, J. Nienhuis, and E.W. Triplett. 1998. Trifolitoxin 
production increases nodulation competitiveness of Rhizobium etli CE3 under agricultural 
conditions. Appl. Environ. Microbiol. 64: 2630-2633. 

32. Kent, A.D., M.L. Wojtasiak, E.A. Robleto, and E.W. Triplett. 1998. A transposable 
partitioning locus used to stabilize plasmid-bome hydrogen oxidation and trifolitoxin production 
genes va ?i Sinorhizobium strain. Appl. Environ. Microbiol. 64:1657-1662. 

31. Scupham, A. J and E.W. Triplett. 1997. Isolation and characterization of the UDP-glucose 4- 
epimerase gene, galE, from Brucella abortus S2308. Gene 202:53-59. 

30. Bomeman, J. and E.W. Triplett. 1997. A rapid and direct method for extraction of RNA from 
soil. Soil Biol. Biochem. 29:1621-1624. 

29. Bomeman, J. and E.W. Triplett. 1997. Molecular microbial diversity in soils from eastem 
Amazonia: evidence for unusual microorganisms and population shifts associated with 
deforestation. Appl Environ. Microbiol. 63:2647-2653. 

28. Bomeman, J., S. Austin, and E.W. Triplett. 1997. Method development to assess microbial 
diversity in soil. In: Biotechnology Risk Assessment: USEPA/USDA/Environment 
Canada/Agriculture and Agri-Food Canada, Proceedings of the Biotechology Risk Assessment 
Symposium, June 23-25, 1996, Ed. M. Levin, C. Grim, and J.S. Angle, University of Maryland 
Biotechnology Institute, College Park, pp. 10-16. 
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■ Abstract Not unti 1 1 973 was it reported that strains of Agrobacterium that cause 
crown gall disease of grape form a specific group (later characterized as Agrobacte.riuni 
vitis), Tumorigenic and nontumurigenic A. vids have since been isolated from infected 
and symptotnlcss grapes worldwide. Research on the genetic makeup of A, vitis has led 
to an improved understanding of pathogen biology and bacterial evolution. Tn addition, 
the identification of significant gene sequences has facilitated the development of PGR 
and RFLP-based identification procedures that continue to improve the detection of ^4. 
vitis in plants and soil. Current control practices rely on the u5;e of disease-resistant 
cultivurs, cultural practices tliat minimize plant injury, and the production of pathogcn- 
frec vines. Promising future controls include employment of biological control agents 
and development of crown gall-resistant transgenic grapevines. 

INTRODUCTION 

Crown gall has been recognized as a plant disease of worldwide importance on 
rmny plant species for more than 1 00 years (28), A discovery by Braun & Mandle 
(9) in 1 948 provided major insight into the crown gall infection process and paved 
the way for intensive research on the molecular biology of itifectlon: Once plants 
were mfected by Agrobacterium iumefaciens, the tumor tissue could be cultured on 
a defined, hormone-free mediiim in the absence of the bacterium. Thus, something 
of unknown nature [die tumor-inducing factor (TIP)] was being transferred by the 
bacteriunri to the plant cell. Almost 30 years later, it was demonstrated that the 
genes associated with tumor fomaation arc carried on a plasiiiid (Ti plasmid). Major 
discoveries included the following: A. tumefacienstx^x\%\ex% tumorigenicity factors 
from tumorigenic to nontumorigenic strains (52); the presence of the Ti plasmid in 
the bacterium is positively correlated with tumorigenicity (1 1 1 ); and bacterial DNA 
from the Ti plasmid (the transfer of T-DNA) Ls integrated into the plant genome 
(29). Ti plasinids also carry genes that are involved in synthesis and catabolism 
of a diverse group of small molecules called opines. Opines are synthesized in 
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and secreted from galls. The rather unique ability of Agrobacterium to calabolize 
them gives the bacterium a competitive advantage in the vaccinity of galls. To- 
day, highly active research progranas continue to study the mechanisms by which 
Agrobacterium transfers Ti plasinids between bacteria and T-DNA into plants. 

Some of the earliest reports of crown gall were of Ihe disease on grape (41 ). It 
was repeatedly observcu thai injuries <jn grape trunks caused by freezing tempera- 
tures provide common sites for crown gall infections and that grape cultivars vary 
in their susceptibility to the disea5;e. The widespread occurrence of the disease and 
variation in cultivar susceptibHity are reflected in results of a multicouatry crown 
gall survey reported by the Office Tntemational de la Vigrie et du Vin, which was 
recendy summarized (14). The impact of crown gail on vine growth and yield was 
assessed in a four-year study in California on the cultivar Zinfandel (86). Vines 
with 50% or greater of their trunk circumference affected with crown gall had 
significantly less growth than mildly diseased vines had. Crown gall may also 
cause significant losses in nurseries by affecting vine growth and neccssitating the 
destruction of infected plants. 

AGROBACTERIUM VITIS 

Although tnmongcmcAgrobacterium spp. were isolated from grape galls for many 
years, strains from grape were first compared with those from other plants by 
Panagopoulos & Psallidas in 1973 (72). By comparing responses to various bio- 
chemical and physiological tests, they concluded that strains from grape formed 
a distinct group and that tlieir turaorigcnicity was often host-limited, Kerr & 
Panagopoulos (53) and SUIe (92) later proposed tiiat strains from grape be classified 
asbiovar3(orbiotype3)of/l. tumefaciem. In the following years Jt became appar- 
ent that the va?t majority of strains isolated ixom crown gall-diseased grapevmes 
worldwide belonged to biovar 3 and that there are wide host range (WHR) and 
limited host range (LHR) strains. In addition to having their physiological and bio- 
chemical traits, biovar 3 strains were insensitive to agrocin 84 in vitro, and their 
tumorigenicity on gi ape was not suppressed by A. radiobacter strain K84, Biovar 
3 strains were also differentiated from other biovars by reaction to a monoclonal 
antibody (4) and by tbeir abiUty to induce a grape-specific necrosis (16). 

Further taxonomic evaluarion of biovar 3 strains by Ophel & Kerr in 1990 
resulted in the naming of new species, A, vitis (62). In addition to the criteria 
listed above, they compared DNA homology between A. vitis strains and odier 
Agrobacltrium spp. More recently, several other methods have been used to char- 
acterize A. vitis, Jarvis et al (48) used fatty acid analysis to identify species of 
65 strains Agrobacterium spp. and 150 strains of Rhizobium and Sinorhizo- 
hium. A two-dimensional plot analysis of fatty acid compositions revealed that 
A vitis is more similar to Rhizobium galegae than it is to other A. timefaciens 
or A. rhizogenes, Bouzar & Jones (8) also showed that A. vitis can be differenti- 
ated from QXhtx Agmhacteriiim spp. by fatty acid analysis. It was determined that 
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di-vaccenic acid is predominant in all Agrobacterium strains, whereas the level of 
3-hydroxypalmitic acid differs among species: A. viris produces significandy less 
than A. (umefaciens or A. rhizogene.<i. Interestingly, A. viiis produces the highest 
detectable level of lOmethylnonadecenoicacid, and only A. vitvi and A. rhizogenes 
produce detectable levels of arachidonic acid. 

A. v/jti.y was also differentiated from QmcrAgrobacitfium spp. by using the GN 
Microplatc system (BioLog, Inc.). They form a distinct group based on utilization 
of 95 different carbon sources- Major differences between A. vitis and all other 
species tested were diat relatively few A. vitis strains utilized r>galactonic acid 
lactone, whereas the majority of strains utilized p-hydroxyphenylacetic acid. With 
BioLog and fatly acid analysis, species of Agrobacterium formed distinct clusters 
regardless of tumorigenicity. 

In addition to fatty acid analysis, Weibgen et al (107) investigated the lipopoly- 
saccharide (LPS) composition of nine Agrobacterium strains (including three A. 
vitis strains) and determined that A. vitis and A rubi contain an R-type LPS, 
whereas A. timefaciem and A. rhizogenes have very long 0-chains with more than 
20 0-repeafing subunits. I^he rare sugar derivative 3-deoxy-/>jfd>-heptulosaric acid 
wa.<i found at trace amounts in all species but at highest levels in all LPS fractions 
of A. vilis. An A. virw-spex:itic monoclonal antibody did not react with the isolated 
LPS from the bacterium. 

Comparisons of A. vitis with other related species were also made at the DNA 
level. Sawada compared DNA sequences of a short variable region (nucleotides 
1 019-1200) of the 16S rRNA gene (84). Tn this analysis, A. vitis was found to be 
most similar to A. rubi (only 2 nucleotide differences) and most dissimilar to A, 
tumefaciens (17 nucleotide differences). In a related study, 16S rRNA sequences 
from several genera in Rhizobiaceae were compared (108). The single A. vitis 
strain analyzed was 94-96% similar to A. rhizogenes, A. ruhi, and A. tumefaciens 
but even more similar to a strain of Rhizohium galegae (same conclusion as for 
fatty acid analysis discusscxi above)- More detailed and informative comparisons 
of entire A. vitis rRNA sequences are discussed later in this review. 

L-elan & Meredith, using RAPDs, detected a high degree of inter- and intraspc- 
cific genetic diversity in total genomic DNA from a collection of Agrobacterium 
stmins that uicluded A, vitis (46)- Four random piirtiers were found to be most 
effective for detecting diversity, and A. vitis strains (all from California) were 
more diverse than other species, with only 12% of the PGR products being shared 
between strains. It was significant tlmt the different species of Agrobacterium 
clustered separately according to RAPD patterns. 

GENETIC DIVERSITY 

The genetic diversity of A. vitLs has been studied more thoroughly than for other 
Agrobacterium spp., probably because grape is a high- value crop and significant 
outbreaks of crown gall occurred in the United States and Europe after unusually 
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cold winters in the mid- 1980s. Because of ils phytopathological significance, many 
slTdins are available from various grape-growing areas in the world including Ger- 
many, France, Australia, Hungary, South Africa, and the United States. As is the 
case for A twnefaciens and A. rhizogenes, most known pathogenic properties of 
A. vitis are encoded by genes on the Ti plasmid. Regions of the A. vitis genome, 
panicuiariy the Ti plasmids, have been studied exicnsivdy. They show consid- 
erable diversity, which makes it possible to define genetic relationships between 
various strains, to identify representatives of the different groups, and to establish 
the phytopathological properties of model strains. It has also been possible to 
develop efficient identification and cliaractcrization methods for large numbers of 
strains. 

Ti Plasmid Structure 

Restriction maps, cloned fragments, and sequences are now available for the major 
types of A. vitisW plasmids. References to sequences of A. vitis strains (now adding 
up to about 110 kb) are listed in Tabic 1. The following Ti plasmids have been 
cloned and mapped: 

1 . Three QIC type Ti plasmids diat have large TA-regions (0/C refers to 
genes that encode the synthesis of the opines octopiue and cucumopine. 
TA refers to one of the two T-DNAs on the plasmids): pTiTm4 (256 kb) 
(69), pTiHml (258 kb) (104), and pTi2608 (248 kb) (37). 

2. Two 0/C type Ti plasmids that have small TA-regions: pTiABS (234 kb) 
(104) and pTiAg57 (224 kb) (104). 

3. A nopaline type Ti plasmid, pTiAB4 of 157 kb (65), that is highly . 
conserved in different A. vitis nopaline strains. 

0/C largo TA, 0/C small TA, and nopaline type plasmids have identical 
virulence regions (65, 104) but differ in other regions. The ancestral Ti 
plasmid type has not yet been detertnined but the characteristic mixture of 
common DNA and specific DNA in the plasmids is a strong indication for 
plasmid recombination. Interestingly, the nucleotide sequences of common 
regions are more than 99,9% homologous, which suggests that the 
evolution of plasmids proceeds mainly by large-scale events like insertions 
and deletions (65, 71, 104). In one case, it was shown diat a direct 2.3-kb 
repeat present in various 0/C Ti plasmids can lead to the loss of a 66-kb 
fragment containing the TB-region (37). Large-scale events like deletions 
or insertions complicate attempts to construct phylogenetic trees. For 
exariiplc, we have shown that the genetic relationships between the Ti 
plasmids cannot be analyzed with RFLP-based techniques but only by 
careful analysis of Ti plasmid maps (104). In addition, repeated clonal 
expansion of only a few Ti types has led to a lack of evolutionaiy 
intermediates, which makes it even more difficult to reconstruct the 
evolutionary history of these stmcmres. Such reconstructions are not only 
interesting from a theoretical point of view but are important for 
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TABLE 1 DNA thai has been sequenced fromAgrobacterium viris as of December 1998 
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*^w^^^v.wx .,w»j«w..w*,, 2- 
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rmA operon 


7534 


U28505 


Ti plasmid 
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Complete T-DNA 
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TA, right border 


307 
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1754 
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2730 
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AB4(N) 


ttnA-iiuE 


7163 


U25634 
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pTtABS (O/C) 
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AF010263 


pTiAB3 (O/C) 


0RFZ2 


1041 


AF010415 


priAB3 (O/C) 


toA-0RFZ2 


11928 


U32375 
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establishing ihe relatedness of the different plasraid forms and predicting 
their oncogenic properties and for predicting their capacity to evolve. 
4. Many regions of (he Ti plasmid from the vitopine strain S4 (262 kb) (39) 
are homologous to fragments of other Ti pla-smids, but its origin of 
replication belongs to a new incompatibility group called TncRh-4 (96), 
and its virulence genes are arranged differently from odier Ti plasmids. 

Chromosome Structure 

As mentioned previously, strains from grape were grouped together as biovar 3 
strains of A. tumefaciens until fuither molecular and classical microbiological 
analysis led to die naming of a separate species. A. vitis. These smdies have been 
confirmed and extended by sequence analysis of ribosomal RNA sequences. A. 
vitis strains contain four ribosomal RNA operons, rmA-D (66, 67). TheAgrobac- 
terium rm operons are about 7 kb in size and show conserved and variable regions. 
The variable regions can be used to construct very detailed intraspecific phyloge- 
netic trees, whereas the conserved regions can be used to define relationships 
al higher taxonoraic levels, for example, in comparisons with other genera like 
Rhizobium and Bradyrhizobium. Sequence studies on die rm genes from the Rhi- 
zobiaccac family have shown that agrobactcria and rhizobia are not well-defined 
groups. A. vitis, for example, is more closely related to R. galegae than to odier 
Agrobacterium species, whereas A. rhizogenes is more closely related to Rhizo- 
bium irupici than it is to other agrobacteria (109), These conclusions, however, 
require further support from comparisons of other chromosomal sequences (63). 

The rmA operons of two representative A. vitis strains (K3()9, with an 0/C. large 
TA Ti plasmid, and strain S4, witfi a vitopine Ti plasmid) have been completely 
sequenced and are the first such sequences fox Agrohacterium spp. (66, 67). 'K309 
is the A. v/r/i--type strain and is maintained as NCPPB3554. It should be stressed 
that it is important in rrn studies to compare orthologous copies, a requirement 
seldom taken into account when ribosomal sequences are used to constnict phylo- 
genetic trees. Smce ribosomal RNAs are con.sidered to be highly conserved within 
a species, it came as a surprise that the so-called B8 stem- loop structure at the 5' 
endof the23SrRNAof K309 was 142 nt shorter than that of S4. Such features can 
be used as synapomorphic markers to allow cladistic analysis within and between 
strains. The 16S-23S intcrgenic region (IGS) contains highly consoT'ed and more 
variable regions. Homologies for the sequences of the two A. vitis strains vary 
from 56.7% for the 5' end of the rm operon to 100% for the three tRNA genes 
and the 5S gene. About 325 positions widiin the rm operons of K309 and S4 
differ. In the regions of secondary strucmre, compensatory base-pair changes aie 
found, which confirms the stem-loop models for the RNAs (67). Because of the 
nomandom pattern of homology distribution at the rm level, it is important to use 
the same rm regions (preferably including slowly and rapidly evolving fragments) 
when results of different studies are compared. 

It would be interesting to include the three other rrn copies of the A. vitis 
genome in such smdies. rrn operon evolution involves amplification and possibly 
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gene conversion (modification of a copy by unilateral sequence transfer from 
another copy), a phenomenon that must be taken into account when establishing 
pbylogenetic relationships from such sequences. Evidence for gene conversion in 
A. vids has been obtamed in at lea^t two cases: for the AB4 ipi gene (65) and for 
different fmC genes (81). 

The A, ribosomal sequences now available have allowed a detailed compar- 
ison of a number of strains by using ICS primers. These studies (61 , 68) have shown 
the potential of this type of analysis to detect small differences between closely 
related strains, to rapidly classify strains, and to identify new strain types. Jt was 
also shown tliat restriction enzyme analysis of total bacterial DN A (using standard 
strain patterns as markers) can be used for preliminary identification. Evidence for 
the existence of diverse chromosomal types in A, vitis was obtained from these 
studies. It was possible to separate tumorigenic A. vitis into distinct groups (and 
sometimes to the strain level) based on DNA fmgeiprints of an intergenic spacer 
region (the region between the 1 6S and 23S rRNA genes) and of the 5' end of the 
23S gene. Although more diversity among strains was detected by RAPD analysis, 
this method also resulted in strain groupings that were highly correlated with those 
identified by the rRNA gene fingerprinting. It was detenuined that well-defined 
groups exist within the species and that chromosomal type is highly correlated with 
the type of Ti plasraid carried by strains. For example, 25 of 26 strains (originating 
trom the United States and Hungary) carrying nopaline type Ti plasmids had iden- 
tical ICS and 5' 23S fingerprints. Strains carrying vitopinc plasmids were divided 
into three clusters, and those with 0/C plasmids fonned clusters with large or small 
TA-regions. Note that PCR-RFLP analysis may not distinguish between point mu- 
tations and large-scale events like insertions or deletions of longer DNA stretches; 
however, these events should be considered separately when a phylogcuctic tree 
is constnicted. Further studies are therefore needed to interpret PCR-RFIP pat- 
terns in terms of evolutionary change within the A, vitis group; these could yield 
quantitative data on degree of diversity and speed of evolution. 

As mentioned previously, only nontumorigenic strains of A, vitis were iso- 
lated from feral V riparia. When 24 strains were analyzed by IGS fingerprinting, 
they were highly diverse and generated 13 different fingerprints, none identical 
to fingerprints of tumorigenic strains (22). It will be interesting to compare in 
more detail the genomes of tumorigenic and nontumorigenic strains. Such research 
may lead to a better understanding of factors that influence the apparent Ti plas- 
mid/chromosome specificity and further elucidate the evolutionary development 
of A, vitis as a grape pathogen. 

GENES ASSOCIATED WITH HOST-PATHOGEN 
INTERACTIONS 

A, vitis shows a high degree of host specificity for grape. Although other Agrobac- 
te.rium spp. have been identified in grape rhizospheres (17), A, vitis is by far tlie 
predominant species detected in grape crown galls. Genes Uiat are associated with 
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host interactions are known to reside on Ti plasmids, on plasmtds that encode 
tartrate utilization^ and on the chromosome. 

Ti Plasmid Genes 

Early moleculai' studies on A, vitis concentrated mainly on the host range properties 
of two strains of the octopine type (later determined to be 0/C types): Agl62 and 
Ag57 (12, 13, 43, 55, 101, 1 10). Agl 62 and Ag57 differ in host range from the A. 
tumefaciens strain A6 that carries an octopine-type Ti plasmid. Whereas A6 has a 
wide host range (WHR) that allows tumor induction on common test plants such as 
NicoHana. tabacum or Datura stramonium, Agl 62 and Ag57 expressed a limited 
host range (L?iR), inducing tumors on Vitis vinifera and only a few test plants such 
as Lycopersicon escuknium and Kalanchoe tuhiflora. Three host range-related 
genes on the Ti plasmid were identified; virA, virC, and the T-DNA oncogene ipt, 
which encodes the synthesis of a cytokinin. 

Vir Genes The virulence system of A lumefaciens has been studied extensively. 
It comprises a large number of genes located in a compact 30-kb virulence region 
[for reviews see (50, 88)], These genes are generally responsible for encoding pro- 
teins that liberate the T-DNA from the Ti plasmid and transport it to Ihe plant ceils. 
The virA gene encodes a sensory protein that detects the presence of monosaccha- 
rides and phenolic compounds such as acetosyringone secreted by wounded plant 
cells (27). In the presence of these signal molecules, VirA undergoes autophos- 
phorylation and transfers a phosphate group to VxrG, which acts as a transcriptional 
regulator for other vir genes (49). 

Smdies on virA of pTiAgl62 showed that this gene is partially responsible for 
the limited host range of A. vitis AgI62. Replacement of its virA gene with the A6 
virA enhanced host range (1 10). The LHR VirA protein has only 45% amino acid 
homology to the WHR YirA. Further studies demonstrated that domains acting 
as receptors for the sugar and phenolic signals are conserved in the LHR VirA 
protein. The LHR virA differs from WHR virA in that its promoter region is not 
inducible by acetosyringone (103). 

The virC gene of WHR strains prevents tumor induction on grapevine by the 
induction of a hypersensitive response, and virC-minus mutants are virulent (1 1 0). 
Although the precise mechanism for the hypersensitive response has not been 
established, the WHR v/rC gene likely increases the efficiency of T-DNA transfer. 
On grape this may lead to toxic levels of hormones encoded by the WHR T-DNA 
oncogenes. 

The virD2 gene encodes an endonuclease that recognizes die T-DNA borders 
and liberates the T strand, a smgle-strandod DNA molecule that is subsequendy 
exported to the plant cell. The T strand is protected by the virf-cncoded single- 
stranded DNA-binding protein VirE2, which contains a nuclear targeting signal. 
Transgenic plants producing ViTE2 can complement a virE mutant, which shows 
diat VirE2 acts in the plant cell probably by protecting and transporting die T 
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Strand. A similar complementation ha.s been achieved for the vzVFgene. This gene 
is found in octopine strains of A. tumefaciens but is lacking innopaiine strains and 
its precise function is unknown. Recently. virF was found in 0/C and nopaline 
strains of A. vitis at an unusual position within the vir region. The A, vitis and 
A. tumefaciens virF genes are highly similar, both contain a vir box (conserved 
region of vir genes required for signal-regulated transcription) and are induced by 
acetosyringone (85). 

Finally, the large v/rJ?operon of /I. tumrfaciens conimns 1 1 open reading frames. 
A number of these encode proteins that assemble into a sex-pilus and a periplasmic 
membrane-located transfer complex (50, im). The virB genes of A. vitis have not 
yet been studied. 

T-DNA Oncogenes The main nimor-inducing genes of octopine and nopaline 
strains of Agrobacierium tumefaciens are the ipt and iaa genes. The rpt gene 
encodes an isopentenyl transferase that catalyzes the synthesis of cytokinins. l^he 
iaa genes encode indoleacetic acid (IAA) synthesis in two steps; iaaM encodes 
the synthesis of indoleacetamide (lAM) from tryptophan, whereas; iaaH encodes 
the conversion of TAM into IAA. The LHR strains of A. vitis lack the ipl genes 
normally found in A. tumefaciens WHR strains, and the introduction of this gene 
into an LHR strain leads to host range extension (13,43). It was postulated that 
cytokinins inhibit tumor development on grapevine (1 10). The Ti plasmids of both 
WT IR and LHR strains contam iaa genes. The iaa genes of Agl62 and Ag57 were 
found to be located on the TB-DNA (12, 110). Later it became clear that other A. 
vitis strains contain an active ipt gene and an additional active ia/iM gene on their 
TA-rcgion (6, 7) and are of the WHR type (76). Mutation studies of the TA- and 
TB-region$ of tlie WHR plasmid pTiTm4 (45) showed that the ipt gene does indeed 
inhibit tumor formation when it is not counterbalanced by the combined action 
of the TB-iaaM, TA-iaaH, and TB-iaoH genes. Although the TB-iaa genes are 
sufficient to induce tumors on grapevine, their capacity to induce IAA synthesis 
is too weak lo overcome cytokinin inhibition by the ipt gene (44). The TA-iaaM 
gene provides the necessary amount of lAM, which is converted to TAA by the 
TB-iaaH gene product. In the case of ipt gene loss (as has occurred in small TA 
0/C strains like AB3, Agl62, and Ag57), the TA-iaaM gene is no longer needed 
(and is also found to be deleted in these strains). These studies also revealed the 
oncogenic action of the TA-6b gene that induce.^; tumor formation on grapevine in 
the absence of ipt and iaa genes (45). The mechanism of tumor formation by 6h 
has not yet been dcterniined, but active 6b genes are present in all A, vitis strains. 
It was shown that the 6b genes from different Agrobacterium strains have different 
tumor-inducing capacities and may therefore play a role in host range. 

T-DNA Structures 



Paitial or complete T-DNA sequences have been determined for pTiTm4 (TA and 
TB), pTi AB3 (TA and TB), pTiAB4, pTiS4, and pTiCG474. Knowledge of these 
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TABLE 2 Rftferences for T-DNA imps of A. vitis model strains 



Remr^n nf T-DNTA 




Kcierence 


Large TA 


0/C (Tm4) 


(74) 


Large TA 


Die mm 1 ^ 




Small TA 


O/C (AB3, Ag57) 


(74) 


TR 


0/C {Tm4, K305, Ag57, AB3, 


(37,71) 




NW233.Hinl} 




Entire T region 


N(AB4) 


(65) 


T1,T2,T3 


V(S4) 


(26) 



sequences has greatly increased our understanding of T-DNA structures in A. vitis 
and facilitates the design of PGR primers for rapid detection and characterization 
of tumorigenic .strains (87). Molecular studies of a large number of A, vitis strains 
has revealed four major types of T-DNA structures (summarized in Figure 1 ; 
references for maps in Table 2). 

1. TIk large TA-DNAs of the O/C strains are clearly related to the classiciJ 
octopine TL-DNA from A. tumejadens strain A6. However, unlike the A6 TL- 
DNA, Ihcy have an intact and functional agrocinopine syndiase {acs) gene (77), 
lack the 6a gene, and carry an IS866 clement within the iaall gene (except sUain 
Hml) (75). The small TA-regions (73-75) were derived from a large TA-rcgion 
by an uuemal deletion tliat removed the acs, iaatl, iaoM, and ipt genes, leaving 
only the 6b and ocs genes intact. Two additional IS elements. IS868 and \f>869, 
occupy more than one half of the small TA-DNA. The A. vitis octopine syntl^ase 
enzymes also differ in biosyntlietic capacities from the A6 enzyme in that they 
synthesize octopine, lysopine, andoctopinic acid but not histopine and melhiopme 
(70)- 

The Ti plasmids of the A. vitis 0/C strains harbor a second T-region of about 20 
kb, called the TB-region (12, 1 10). Tliis region carries functional iaa genes, an acs 
gene, and the cucumopine synthase {cus) gene (also found in some A. rhizogems 
strains). Cucumopine is a condensation product of histidine and a-ketoglutarate 
(31 ). The TB-DNA has not yet been fully sequenced, and it may contain other 
oncogenes or opine genes. At least six TB-DNA variants have been defined that 
have insertion elements at different positions (71). The TB-region of Tm4 is shown 
in Figure 1 . 

In general, tiie structures of the A. vitis TA and TB-regions have diverged 
considerably by acquisition of insertion elements like IS866, IS867, ISS68, IS869, 
and IS870 that are also found at other locations in the genome (both in the Ti 
plasmids and in the chromosomes). They may be associated with A. vitis or in a 
more general way witli the Rhizobiaccac. Numbers and positions of these elements 
can be used to reconstruct the evolution of both plasmids and chromosomes (78). 
Evidence for clonal strain origin is provided by a detailed study of tlie TA-DNA 
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5 7 iaaH iaaM ipt 6a 6b ocs 
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^ 
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Figure 1 Structural di£ferences of A, twnefcciens and A. vitis T-DNAs. From top to 
bottom: TA-DNA froni nopalme (C58) and octoplne (AchS) A, tumefaciens strains, 
T-DNAs from A, vitis strains include TA-DNA from the octopine/cucurr\opiae strain 
Tm4; TB-DNA from Tm4; T-DNA from the nopalLae strain AB4; Tl , T2, and T3 from 
vitopine strain S4; T-DNA from the octopine strain CG474, Sequenced regions are 
indicated by double-headed arrows. 
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of the O/C strain Hml . This TA-DNA is very similar to the 0/C large TA-DNAs 
but carries an intact, biologically active TA-iaaH gen^^ (76). This suggests that the 
other WHR large TA O/C strains, all of which contain an IS866 element inserted 
at the same position within the TA-iaaH gene, aie derived from a single mutant 
that arose recently. Since O/C strains with large TA-regions have been isolated 
from vineyards in widely different parts of the world, it appears uiut tliis inutant 
has been effectively disseminated (possibly through trade of contaminated plant 
material). Note that the lA-imH gene interruption might be selectively neutral 
and linked to an unidentified selective character. Recent clonal origins have also 
been proposed for subtypes of the O/C Ti plasmids (37), the A, vitL^ nopaline (65), 
and vitopinc (39) Ti plasmids. 

2. The nopaline T-DNA of AB4 is found without variation in most A. vitis 
nopaline strains and is similar to the right-hand part of the classical nopaline T- 
DNA of A. lumefaciens €58. It lacks the 1 1 .5-kb left-hand fragment of the pT\C5S 
T-DNA containing genes a-^f The functions of genes a-fmc unknown, but gene 
e plays an important role in tumor induction by C58 (11). Apparently, AB4 can 
compensate for the loss of gene e. 

Genes 6a and 6b found on the €58 T-DNA are replaced in AB4 by a fragitient 
(F) cariying a distantly related 6b gene and a gene called 3' (the latter was first 
identified on the TR-DNA of A. tumefaciem octopine strains such as A6). Both 
genes have oncogenic properties (L Otten, unpublished data). Since a complete, 
C58-like nopaline T-DNA with fragment F has been found in pTi82139 (carried in 
A. rhizogenes stram 82139) (33), and since the vir region of AB4 to the left of the 
T-DNA is very similar to the O/C vir region^ the A. vitis nopaline T-DNA probably 
results from a fusion between a pTi82139-like T-DNA and an O/C large TA-DNA. 
The precise fusion point has not yet been established. 

3. The pT!S4 plasmid is unusual in that it contains three T-DNAs, the T1-, T2-, 
and T3-DNA, each with a single type of oncogenic function (6b, iaall/iaaM, and 
ipt, respectively (26). The homology of these genes with their counterparts in other 
Ti plasmid types is surprisingly low, ranging from 58 to 61% of sequence identity. 
In contrast, homologies between genes from other T-DNAs is about 90-95%. This 
suggests that the T-DNA oncogenes have evolved over a longer period than was 
originally suspected. The Tl-DNA carries the vitopine synthase {vis) gene, which 
is related to the octopine synthase gene. The structure of vitopine has not yet been' 
determined. 

4. Finally, the T-DNA of the unique isolate CG474 resembles the classical 
octopine TL-DNA and 0/€ TA-DNA (L Otten, unpublished data) but has a number 
of characteristic difterences. It carries an IS^70 element in the iaaM gene (thus 
inactivating iaa synthesis) and an \S869 element between the 6b and ocs genes. 
The acs gene is mtact and 6a is missing. It is remarkable that this strain induces 
tumors on grapevine, in spite of an acdve ipt gene and the lack of aii iaa system. 
Possibly, the ipi gene is less active than in the large TA O/C strains or is rendered 
less toxic by the 6b gene. Several 6b genes facihtate tumor formation in the 
presence of an inhibitory ipt gene (102). 
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Tartrate Utilization Plasmids 

Most A. vitis strains degrade tartrate, an abundant compound in grapevine. Tai- 
trate utilization can easily be tested by growth on minimal medium with 0.5% 
tartrate. Tt ha-s been shown by conjugational plasmid transfer und DNA transfor- 
mation that utilization of tartrate is plasmid-encoded in most of the strains (99), 
Three tartrate plasmid types, all of which are conjugativc in planta, have been 
defined; pTrAB3 (245 kb), pTiAH3 (234 kb), and pTrAB4 (170 kb). pTrAB3 
integrates readily into the chromosome of an acceptor strain together with another 
60-kb plasmid from AB3 (64), The importance of this phenomenon under natural 
conditions is unknown but may lead to stabilization of the plasmid. The restriction 
maps of the tartrate utilization plasmids have been determined und the essential 
tartrate degradation regions (called TAR-T for pTrAB3, TAR-II for pTiABB, and 
TAR-(fl for pTrAB4) have been analyzed by transposon mutagenesis using the 
uidA-T\\5 trdnsposon, which allows detection of transcriptional units. The TAR 
regions are similar in sequence (81); they are 11 kb in size and carry, among 
other genes, two tartrate dehydrogenase {ttuC) genes diat were identified on the 
basis of homology to a Pseudomonas ttuC homologue. T -ike Ti plasmids, TAR 
regions are generally associated with characteristic chromosomal backgrounds 
(81 ), A few Af(robucterium grapevine strains use tartrate but lack classical TAR 
sequences, which indicates the existence of other tartrate utilization systems (81), 
Figure 2 presents the map and the functional organization of the TAR-I region of 
pTrAB3. 

Remarkably, the tfiree TAR regions found on otherwise umelated plasmids are 
possibly the result of horizontal DNA transfer. The ends of the TAR regions show 
no evidence for insertion sequences so that the itu genes do not seem to be part 
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Figure 2 Structure and function of A. vitis tartrate utilization region, TAR-I (8 1 , 82). 
This region is high]y similar to that of TAR-II and TAR-III, 
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of a transposon. 0/C strains with a small TA-DNA, like AB3, carry a p 1 rAB3- 
like plasmid with the TAR-J region and a Ti plasmid with u second TAR region 
(TAR-n). The fact that the pTiAB3-like plasraids cany a TAR region strongly 
suggests that exploitation of grapevine tissues through tartrate utilization and tumor 
formation is part of the same strategy and tliat such a Ti plasmid may constitute an 
efficient "grapevine colonization package." Indeed, a few A. tumefaciens strains 
isolated from grape carry a pTiAB3-likc plasmid, the only type to contain both 
functions. Furthermore, competition experiments done in planta with one such 
strain and its tartrate-minus derivative showed thai the TAR region provides a 
selective advantage for grape colonization (82). 

Present evidence therefore suggests that tartrate utilizadon provides a compet- 
itive advantage to A. vitis\ However, it was recendy determined that most (23 of 
26 strains) of uontumorigenic A. vitis isolated from feral grapevines do not utilize 
tartrate, which suggests that tlicsc strains possess other host colonization factors 
(22). It would be interesting to know whether other grape-associated bacteria, 
like Xmthomonas ampelina, carry larU:atc plasinids and similai taitrate utilization 
genes. 

Chromosomal Genes 

Other potential host specificity-related factors include the production of poly- 
galacturonase (PG) and.endoglucanase (60). \Kj, which has been studied more 
extensively, is associated with induction of grape necrosis and was identified as a 
virulence factor since aPG-minus mutant was impaired in ability to induce tumors 
on grape and to attach to grape roots (10, 80). The pehA gene from A, viiis, which 
encodes for PG, was cloned and sequenced and the enzyme was compared to PGs 
from other microorganisms. The/4, vitis enzyme is more similar to PGs produced 
by the plant pathogenic bacteria Ralslonia solafiacearum and Erwinia carotovora 
than it is to those from Aspergillus niger and Lycopersicum esculentum (42) The A, 
vitis HG released dimers, triraers, and raonomei*s from polygalacturonic acid and 
caused less electrolyte leakage from potato tubers than did PGs from E. carotovora 
and R. solanaceamm. 

Another chromosomal gene of A. vitis that may be associated with host inter- 
actions is homologous to ffhC\ which encodes dTDP-rhamnose dehydi^atase that 
may be associated widi EPS capsule biosynthesis (TC Herlache & TJ Burr, un- 
published data). Primers derived from this gene amplify a 167-bp product from 
all A. vitis strains but not from A. lumefacims or A. rhizogenes (61). Although its 
role in host interactions has not been identified, it is speculated that this gene may 
be associated with attachment of A. vitis to grape. 

Although much progress has been made toward identifying genes that are as- 
sociated with A. virt\v-grape interactions, furdier research is needed to determine 
more specifically their roles under natural conditions. For example, the genetic 
makeup of LHR and WHR A. vitis T-DNAs is known and phenolypes can be differ- 
entiated on indicator plants. However, how do differences in T-DNAs aftect grape 
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host range or other interactions under natural conditions where pathogenicity of 
both groups appears to be liaiilcd to grape? Another example is gene pefiA, which 
encodes a PG that is hypothesized to facilitate A, vitLs attachment and systemic 
colonization of grape. However, nontumorigenic A. tumefaciens strains do not 
carry xh&pehA gene and are also common grape cndophy tes (TJ Burr, unpubli shed 

Other observations also iilustrate the difficulty of utilizing controlled inocula- 
tion experiments to suidy how Agrobacterium interacts with host plants in nature. 
For example, altliough tumorigcnic A. tuinftfaciens are rarely isolated from grape 
crown galls, the bacterium causes large galls on grape shoot explants m vitro, 
even on cultivars known to be crown galJ resistant (TJ Burr, unpublished data). In 
contract, when grape shoot explants are inoculated with A. vitisi, necrosis develops 
in 24-48 h (discussed below). Therefore, identifying genes and their functions 
that confer natural host specificity will be a great challenge but should provide key 
information to develop novel approaches for disease control. 



A WnS-INDUCED GRAPE NECROSIS 

A. viiis typically causes gall formation on grape tninks at or above graft unions. It 
is most interesting that galls are rarely observed on roots, but instead the bacterium 
induces a grape-specific necrosis. Tumorigenic and nontumorigenic A. vi7w strains 
induce necrosis widiin 24-48 h on roots of all Vitis species, but not on other plants 
that have been examined (15, 95). Recently, it has been determined that necrosis 
is also induced on shoot explants and grape leaves, that induction is inoculum 
dependent, and that genes for necrosis are carried on the bacterial chromosome 
(TJ Burr, unpublished data). Therefore, A. WriVinduced necrosis is different from 
the necrosis reported for certain A. tumefaciens strains, which appears to be related 
to hormone toxicity and is associated with different Ti plasmid genes (79, 110), 

As mentioned above, PG has been identified as one necrosis factor. A PG-minus 
derivative of strain CG49 (CG50) was shown to induce less necrosis at concentra- 
tions of 1 0^ cfu/ral. Since higher concentrations of CG50 induced necrosis, it was 
concluded that factors other than PG were involved. Recently, it was shown that 
a /7£:/jA -complemented CG50 produced more necrosis than the noncomplemented 
mutant, but significantly less than CG49 (TC Hcrlachc & TJ Burr, unpublished 
data). These results have encouraged further research on the necrosis mechanism. 

It was recendy discovered that A vitu induces a hypersensitive response (HR) on 
tobacco and that both HRand grape necrosis can be blocked by preinoculation with 
certain plant metabolic inhibitors and may be mechanistically related (TC Herlache 
& TJ Burr, unpublished data). Necrosis and HR reaction; therefore require active 
plant mctabohsm. Like HR reactions of other gram-negative bacteria, the A. vitis 
HR has an induction period in tobacco (8-12 h) prior to which the reaction can be 
stopped by infiltrating leaf panels with antibiotics. HR- and necrosis-associated 
genes are bemg cloned and sequenced. 
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SURVIVAL IN SOIL AND PLANT TISSUE 

Although bacteria in the genus Agrobacii^rium are common soil inhabitants, tu- 
morigenic strains aie almost exclusively detected in association with galls and 
plant residues in soil (3, 1 7). Following infestation of soil with A. v/r/i'-colonized 
grape roots and canes, the bacterium was detected in the tissues for at least two 
years (25). The roots and canes did not have galls, however, ahhough all of the 
recovered strains were still tumorigenic and carried 0/C, N, or V-type Ti plasmids. 
Therefore the bacteria are able to maintain their Ti plasmids while persisting in 
an apparent saprophytic stale in decaying grape tissues. In another study where 
grapes or oats were planted in soils infested with A. vitis, the bacterium maintained 
greater populations in gnipe as compared with oat ^hl^ospheres (5). These and 
other studies infer that /l. vitis may not persist in soils in the absence of grape tissues 
and daat the bacterium is primarily introduced into soils with contaminated grape 
plants. However, because the sensitivities of methods tor detecting the bacterium 
in soil are low (generally populations < 10^-10'^ cfu/g soil cannot be detected) and 
because of the recent findings that are discussed below, further investigations of 
soil survival are necessary. 

As mentioned previously, studies were undertaken in the United States (22) and 
Italy (C Bazzi, unpublished data) to determine if A. vitis persists in feral Vitis spp, 
A. vitis was detected from 41 of 66 root samples collected fiom regions near to and 
far removed from commercial vineyards in New York and Vermont. All strains that 
were identified as A. vitis were nontumorigenic and were genetically diverse, as 
determined by DNA fingerprinting. In Italy, over 50 strains of nontumorigenic A. 
vitis were recovered from cuttings talcen from feral V vinifera silvestris vines. Since 
the feral vines probably grew from seeds that were disseminated by animals, one 
must question the source of A. vitis on them. It may he that A. vitis is a relatively 
common inhabitant of soils, but can only be detected by conventional plating 
methods at populations achieved in association with grapevines. Furtherresearch is 
therefore needed to determine if A. vitis survives in soil at low population densities. 
The ability to make this determination will be, at least partially, dependent on the 
development of detection methods having increased sensitivities. 

Important questions remain on die role of feral grapevines in the survival of A. 
vitis and die spread of crown gall disease. Do tumorigenic strains colonize feral 
grapevines, and can the nontumorigenic strains that are present acquire and main- 
tain Ti plasmids? To answer the second question, we mated tumorigenic strains 
(carrying 0/C and N Ti plasmids) with two nontumorigenic strains from feral V 
riparia and with one from V vinifera (TJ Burr, unpublished data). Matings were 
done on grape galls that were caused by the donor strain (to assure the presence 
of proper opines). Equal concentrations of donor and recipient (rifampicin re- 
sistant) were incubated on galls, and selection for Ti plasmid transfer was done 
on media containing rifampicin and the appropriate opine as the sole N and C 
source. From six matings (338 colonies selected from opine media), no stable Ti 
plasmid transfer to strains from Y riparia was detected, and the 0/C Ti plasmid 
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was transferred to a strain of V, vinifera in one mating. In two cases, evidence of a 
transferred Ti plasnoid was initially detected by Southern analysis, however after 
further evaluation the plasmid could no longer be detected. Additional research 
is needed to identify factors tliat are associated with ttie apparent inhibition of 
Ti piasmid transfer Interestingly, transconjugants were frequently identified that 
had gained a plasniid (other than Ti) that conferred tartrate utilization from donor 
strains. 

Endophytic Survival 

Lehoczky first demoastiated that A, vUis survives endophylically in apparendy 
healthy grapevines and initiates gall formation at injury sites (57). In a series 
of papers, he demonstrated the presence of the bacterium in grape sap (58) and 
hypothesized that hacterial cells concentrate in the grape root system in winter 
and move into die upper parts of the vine during sap flow (59). Tn fact, A. vitv: 
is routinely isolated from root tissues, even during die growing season; however, 
the frequency of isolation from roots has not been compared with that from other 
tissues. Although it has been generally assumed diat A. vitis persists primarily 
in xylcm tissues, at least two studies indicate that the bacterium may reside in 
tissues other than the xylem. Siile reported tliat the highest A. vitis populations 
were detectable in phloem tissue (93). and Jager et al (47) provided evidence 
that the bacterium persists in die rind layer of dormant cuttings (directly below 
the bark). 

Bauer et al examined the seasonal distribution of i4. vitis in vines in Germany 
(1). In this case, A, vitis was detected primarily at the inoculation sites on canes and 
did not readily disseminate throughout the vine. By using antibiotic-marked strains 
it was, however, possible to detect yi. vilis cells that migrated from the inoculation 
points to roots within 15 weeks. Populations at inoculation sites showed seasonal 
fluctuations (they were highest in late May and tn October) and differed between 
cultivars; they were highest in RiesUng as compared with Miiller-Thurgau, Stover 
et a) also found that A viiis docs not readily migrate from inoculation points 
and that populations differed between resistant acid susceptible cultivars (91). He 
also showed that freezing of canes facilitates the systemic movement of A. vitis 
(a 41,000-fold increase in cells was detected after flushing water through freeze- 
treated canes). Since there were no differences in total numbers of cells detected 
in frozen vs nonfrozen canes, it was concluded that freezing played a physical 
role in allowing the bacteria to move within the cuttings. If one considers that 
A. vilis may reside in phloem or rind tissues, then freeze injuries may facilitate 
its spread into xylem tissues and enhance dissemination widiin die vine, Ttie 
finding that freezing facilitates systemic movement has potential implications for 
improving the sensitivity of indexing methods (discussed below). It also suggests 
that freezing injuries may be important not only for stimulating die secretion of 
Agwbacterium viioilence gene inducers from injured cells (discussed below), but 
may also facilitate the internal movement of the bacterium in vines. 
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MANAGEMENT OF GRAPE CROWN GALL 

Grape growers have dealt with crown gall disease for over 100 years and recog* 
nized early on that cultivars differ in susceptibility to disease and to factors that 
cause vine injury^ particularly freezing temperatures, which stimulates disease de- 
velopment (41). Some culrural practices that can affeci; vine injury and thus crown 
gall development include vineyard site selection, crop and canopy management, 
and the protection of trunks with soil during winter months. When practical, the se- 
lection of resistant rootstock and scion cultivars can also greatly influence disease 
development. Mtis germplasms have been evaluated for crown gall susceptibility 
by different research groups (36, 90); in general, rootstocks of V riparia and V ru- 
pestris parentage arc more resistant dian V vinifera cultivars. The genetic basis for 
resistance was investigated by screening progeny from crosses between resistant 
(V amur^nsLs) and susceptible cultivars. Following inoculation with A. vitis strain 
AT-1, it was concluded that resistance is controlled by a single dominant gene (97), 
It remains to be determined if the same pattern of resistance will be observed on 
other grape progeny when inoculated with a genetically diverse collection of A. 
vitis strains. 

sale et al (94) compared crown gall severity under held conditions on a highly 
susceptible scion cnltivar. Blue Frank, that was grafted onto either crown gall - 
resistant (Riparia 'Gloire') or -susceptible (Teleki 5C) rootstocks. Over a six-year 
period, significantly more crown gall and vine death occurred on vines that were 
grafted on the susceptible rootstock. This report is particularly significant in that 
it is the first under controlled conditions in the field to demonstrate a beneficial 
effect of using crown gall-rcsistant rootstocks. Tlie reduction in disease may be 
related to reduced survival of A. vitis in resistant as compared with susceptible 
grape genotypes (91). Other research on crown gall management has focused on 
developing methods to index vines, producing propagation material that is tree of 
the pathogen, and on biological control. A review of disease management strategies 
was recently published (14). 

Indexing for A- vitis 

Lehoczky demonstrated the presence of A. vitis in symptomless dormant cuttings 
by isolating the bacterium from callus tissue that formed at the base of cuttings (58). 
Variations of this method have been used successfully by others to index cuttings 
(93), ahhough its sensitivity has not been determined. Another indexing mediod. 
developed by Tarbah & Goodman (100) and by Bazzi et al (2), involves forcing 
water or buffer through cuttings with vacuum pressure and isolating the pathogen 
from the collected extracts* A. vitis is then identified by plating the extracts on 
semiselective media (18) and/or by serology (4). The efficiency of the method was 
evaluated by infiltrating cuttings with known concentrations of A, vitis and then 
calculating die percentage of recovered cells (2). Because only about 12% of the 
introduced cells were detected, the method would appear to have limited value for 
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general indexing of propagation wood sources. As mentioned above, freezing of 
cuttings prior to flushing with water greatly increases the recovery o[A, vitis and 
therefore may significantly improve the efficiency of this method. 

Increased emphasis has been placed on tlic use of DNA probes and PGR (32) 
to identify Agrobacterium spp. FVobes have consisted of chromosomal and T- 
DNA genes and IS elements (20,63,87). Sawada et al (83) compared primers 
derived from conserved regions of virG, virCl, and w>C2. A primer pair including 
a forward primer (VCF) from virCl and a reverse primer (VCR) from virC2 
consistently gave a 730-bp PCR product from 75 of 77 strains of tumorigcnic 
species including A, tumf^faciem, A. rhizogems, A. rubi, and A, vitis. When other 
primers consisting of forward primers from virG and reverse from virC genes were 
used, some strains did not yield products and others yielded products of unexpected 
sizes. 

Similarly, Haas et al developed primers derived from the endonucleuse portion 
of the virD2 gene and from a conserved region of the ipt gene (40)- In this case, 
44 strains representing A, lurnefacienSy A. rhizogenes, and A. vitis all yielded 
the expected 338-bp product from the virD2 primer, whereas nontumorigenic 
sti*ains did not. The ipl primer pair alyo produced an expected product size from 
tumorigenic strains hut^ as expected, not from rhizogenic strains or from a LHR 
A. vitis strain. Using pure cultures of bacterial cells, this PCR procedure could 
detect reaction mixtures containing as few as 150-200 cells. 

Hiere is continued development of PCR-based methods for A. vitis and odier 
Agmhacteriimi. spp. that utilize specific primers and novel methods for isolating 
bacteria and bacterial DNA from plants and soil. Eastwell et al (35) tested different 
methods of extracting bacterial DNA from dormant cuttings and compared primers 
for their effectiveness in detecting A. vitis. Primers were derived from die peM 
gene (polygalacturonase gene) and from virA of the Ti plasmid. The method was 
effective in detecting A. vitis in grape cuttings collected from grapevines expressing 
crown galL In this case, pehA primers amplify a characteristic product from all A. 
vitis (tumorigenic and nontumorigenic), and v/rA primers amplify a characteristic 
product from A. vitis strains carrying N and 0/C but not V T\ plasmids. To ovesrcome 
this problem, we recently developed a virE2 primer lhal amplifies a characteristic 
product from strains with V Ti plasmids (61), The ability to detect vitopine sUains 
in cuttings is essential because they make up a significant portion of A. vitis strains 
found in grape (68), The pehA primers are highly reliable for identifying A. 
vitis, although recently a naturally occurring PG-negative strain of A. vzYw was 
isolates! from V riparia (TJ Burr, unpublished data). However, where a grape 
grower wishes to know if propagation material is contaminated with tumorigenic 
A. vitis, exclusive reliance on pehA primers will not be sufficient, Nontumorigenic 
strains, which carry pehA, are often encountered in Vitis spp., and at least some 
nontumorigenic strains may actually benefit the plant by preventing tumorigenic 
strains from causing infections (discussed below). In place of pehA primers, we 
receritly evaluated primers derived from the rflyC homologue that was previously 
discussed (61). 
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Another recently developed method to detect i4. vitis in grapevines involves the 
use of an immunocapture technique, followed by PCR (51). In this case, extracts 
from grape canes are incubated in antibody-coaled tubes to which 3DG medium 
(selective for A. vitis) is subsequently added. DNA from the resultmg bacteria is 
analyzed by PCR with primers derived from the 6h gene of the A. vitis 0/C strain 
Tm4. By this method, a characteristic PCR product was observed for samples 
known to be infected with A. vitis carrying 0/C-type Ti plasmids. The authors 
suggested improvements by employing antibodies and PCR pxiiners that would 
detect diverse types of A, vitis. 

The major components of a method for efficient and sensitive detection of 
tumortgenic A. vitis in dormant cuttings seem to be in place. Further studies are 
needed to compare some of the most promising techniques described above and 
to compare PCR primers to assure that they will amplify characteristic products 
from the diverse genetic groups of A. vitis. It may be that A. vzri.v-specific primers, 
such as those from pehA, or derived from the rfbC gene togedier with universal 
primers for mmorigenicily, (such as those reported by Haas et al or Sawada et al) 
would be highly effective. 

A. vff/5-Free Propagation Material 

The submersion of dormant grape cuttings in a SD^'C water bath for 30 min to 
eradicate A. vitis was first reported in 1989 (21), Although initial findings indicated 
that treatments were effective, a more critical set of experiments demonstrated thai 
low levels of die bacterium survived in tissues near galls even after treatments of 
55°C for 30 min (23). 

A significant drawback to the use of hot water treatments is tlie potential for 
bud injury. Factors including temperature and duration of treatment, the month 
when cuttings were collected (differences in state of dormancy), and pre- and 
posttreatment storage were evaluated on cultivar Cabernet Sauvignon by Wample 
in Washington State (105, 106). He demonstrated that cuttings collected in Jan- 
uary and stored posttreatment had the greatest bud survival following hot water 
treatments. Good bud survival was achieved even following a treatment of 56*^0. 
The use of such temperatures, which are greater than previously tested, to erad- 
icate A. vitis may improve the efficacy, although this has not been evaluated. In 
contrast, using temperatures above 50°C on cuttings collected from vineyards in 
other areas, such as New York State, has led lo significant bud kill (TJ Burr, un- 
published data). The reasons for these apparent diflferences in bud sensitivity to 
treatments conducted in different geographic regions are unknown but may be re^ 
lated to cultivar differences or to wood hardiness. Therefore, the usefulness of hot 
water treatments as a crown gall management strategy needs further evaluation. 
Recent findings suggest that hot water treatments may be warranted even if they 
do not completely eliminate A. vitis. For example, it was observed in Italy and 
ill a commercial nursery in Washington State diat hot water-treated cuttings have 
enhanced callus and root formation, which promotes better plant growth (C Bazzi 
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& TJ Burr, unpublished data). Such benefits have resulted in the murine treatment 
of several million cuttings annually in some nurseries. 

The only proven way of producing A. vto-free grapevines is hy propagating 
vines from shoot tips in vitro. A. vitis does not systeinically invade green grape 
shoots (19,98), and dierefore it is possible to exclude the bacterium by shoot 
tip culture. This nracHce has been used by at least one eoiomercial vineyard to 
establish a crown gall-free mother block that has remained free of crown gall for 
over five years. Establishment of such a planting requires the selection of a site 
where the soil is not contaminated with A. vitis. Problems of assuring tliat soils 
are free of the bacterium were discussed previously. 

Biological Control 

Several laboratories have attempted to identify biological control agents for grape 
crown gall (54; reviewed in 14). One promising strain, F2/5, is a nontumorigenic 
A. vitis that was isolated in South Africa (89), F2/5 produces an antibiotic that 
inhibits growtli of many tumorigenic A. vitis strains in vitro; however, antibiotic- 
minus mutants of F2/5 were found to be as elfective as the wild-type strain for 
controlling crown gall (24)- We are conrinuing to study the mechanism(s) by 
which F2/5 inhibits lumorigenesis on grape. Some nontumorigenic A. vitis strains 
from feral V riparia were as effective as VHS for mhibiting crown gall caused 
by strain K306 (22). Subsequently, one strain, CG523, was compared with F2/5 
for controlling several tumorigenic strains representing tlie major A. vitis groups. 
Biological control agents were apphed to inoculation sites either 24 h before or 
simultaneously with the pathogen. VU5 was more effective for inhibiting gall 
formation than was CG523. Although some of the nimorigenic strains were not 
inhibited by F2/5 following simultaneous inoculations* control was enhanced if 
F2/5 was applied 24 h prior to the pathogen. 

Genetic Engineering for Crown Gall Resistance 

In recent years, the ability to genetically transform Vitis spp. has greatly improved 
(56), and tlie prospects for using genetic engineering to confer resistance to bacte- 
rial pathogens in plants look promising (34). Because crown gall is an important 
disease with few disease control options, die use of transgenic approaches for 
control is an attractive alternative, A main goal will be to engineer resistance into 
long-standing, high-quality wine cultivars tihat are crown gall susceptible and are 
not likely to be replaced by conventional breeding. One strategy currently being 
tested involves expressing a deletion mutant of the Ti plasmid virE2 gene in plants. 
It was previously determined that expression of some virEl mutant genes in to- 
bacco results in plants that are resistant to infection by A. Uunefaciens, possibly as 
u result of inhibition of T-strand nuclear import (30). Following tlie expression of 
a virE2 mutant in grape, transgenic lines with significant resistance to crown gall 
were identified ( TJ Burr, unpublished data). Odier transgenic sLrategies for crown 
gall resistance are sure to follow. 
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CONCLUSIONS 

Although crown gall continues to be a serious problejn on grape, significant 
progress has been made toward understanding pathogen biology and disease con- 
trol. Characterization of worldwide collections of A, vitis has provided significant 
insight into genetic diversity within the species and its relate-dness to other Rhi- 
zobiacea. Substantial Ti plasmid sequence information has further enhanced our 
understanding of diversity within tlie bacterium and has allowed the prediction 
of phylogenetic relationships. Sequencing has also facilitated the identification 
of specific genes that aie essential for tuinorigenicity and other bacterium-host 
interactions. Sequence information, together with PCR-RFLP protocols, make it 
possible to develop specific detection methods, which, in addition to having com- 
mercial value, will be essential to answer important epidemiological questions 
related to pathogen survival and spread in nature. For example, does A. vitis sur- 
vive in soil? How do noutumorigenic strains differ from mmorigenic strains? Can 
nontumorigenic strains from feral grapevines acquire Ti pJasmids? If not, what 
factors affect plasmid transfer? 

In comparison with the genetic makeup of Ti plasmids, much less is known about 
specific chromosomal genes and their functions. DNA fingerprint comparisons 
have revealed that A. vitis chromosomes are diverse and are highly correlated with 
the Ti plasmid type carried in strains. Further research is needed to determine 
tlie roles of chromosomal genes that are associated widi phenotypes such as grape 
necrosis, tobacco HR, and the ability of some nontumorigenic strains to inhibit 
crown gall infections- 
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Abstract 

Background: Agrobaaerium vkis is a causal agent of crown-gall disease. Trifolitoxin (TFX) is a 
peptide antibiotic active only against members of a specific group of a-proteobacteria that includes 
Agrobaaerium and its close relatives. The ability of TFX production by an avirulent strain of 
Agrobaaerium to reduce crown gall disease is examined here. 

Results: TFX was shown to be inhibitory in vitro against several A. vitis strains. TFX production, 
expressed from the stable plasmid pT2TFXK, conferred biological control activity to an avirulent 
strain of A vitis. F2/5, against three virulent, TFX-sensitive strains of A vitis tested on Nicotiana 
gtauca. F2/5(pT2TFXK) is significantly reduces number and size of galls when co-inoculated with 
tumorigenic strain CG78 at a 10:1 ratio, but is ineffective at 1:1 or 1:10 ratios. F2/5(pT2TFXK) is 
effertive when co-Inoculated with tumorigenic strain CG435 at i 0: 1 and 1:1 ratios, but not at a 
1:10 ratio. When F2/5(pT2TFXK) is co-Inoculated with CG49 at a 10:1 ratio, the incidence of gall 
formation does not decline but gall size decreases by more than 70%. A 24 h pre-lnoculation with 
F2/5(pT2TFXK) does not improve biological control at the 1:10 ratio. 

Conclusions: TFX production by an avirulent strain of Agrobocterium does confer in that strain the 
ability to control crown gall disease on Nicotiana glauca. This Is the first demonstration that the 
production of a ribosomally synthesized, post-translatlonally modified peptide antibiotic can confer 
reduction in plant disease Incidence from a bacterial pathogen. 



Background 

Agrobacterium vitis strains are causative agents of crown 
gall, an economically important disease [1,2). A. vitis F2/ 
5 is an effective biological control agent against many A. 
vitis tumorigenic strains [3]. Strain F2/5 produces an anti- 
biotic toxic to many A, vitis strains in vitro. However, two 
lines of evidence suggest that this antibiotic plays a minor 
role in disease suppression. Strains that are susceptible to 
the antibiotic in vitro, such as A vitis strain CG78, are able 



to infect the plant in the presence of F2/5 [3], andTnS mu- 
tants of F2/5 lacking F2/5 antibiotic production appear to 
be unaffected in crown gall biological control (4). Biolog- 
ical conu-ol by F2/5 is grape-specific, as F2/5 is not effec- 
tive on non-grapevine host plants such as Nicotiana glauca. 
Furthermore, F2/5 is not effective against all A. vitis suains 
[3]. Thus, enhancing the F2/5 biological control pheno- 
type and extending the host range of the efficacy of F2/5 
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beyond grape would be beneficial for disease control in 
field applications, 

Agrobacterium rhizogenes strain K84 is the most studied 
crown gall biological control strain and is commercially 
utilized for crown gall disease conuoi worldwide. Strain 
K84 biological control is primarily due to production of 
two plasmid-encoded antibiotics, agrocins 84 and 484, 
encoded by genes on pAgK84 and pAgK434 respectively 
[5], Agrocin 84, an adenosine analog |6], is effective 
against tumorigenic strains carrying nopaline/agroci- 
nopine tumor-inducing plasmids, and requires the acc 
system in the target suain for activity [7 J. Agrocin 434, a 
di-substituted cytidine analog, is effective against, and 
specific for, a broad range of A. rhizogenes strains [8]. Cur- 
ing of either agrocin-encoding plasmid results in reduc- 
tion of biological control activity [9]. Thus, FC84 
demonstrates the efficacy of antibiosis for crown gall bio- 
logical control. However, the commercial application of 
the K84 biological control system is limited where Agro- 
bacterium strains of certain crops are not inhibited by K84. 
As a result, alternative biological control systems for 
crown gall disease are needed. 

Trifolitoxin (TFX) is a peptide antibiotic produced by 
Rhizobium leguminosarum bv. trifolii T24. Antibiotic pro- 
duction and resistance funaions are encoded by the sev- 
en-gene tfx operon and the unlinked tfuA gene (10,1 1|. 
TFX is derived from post-translational cleavage and mod- 
ification of the tfxA gene product. TFX effectively inhibits 
growth of members of the a-proteo bacteria including 
strains of Brucella, Ochrobactrum, Rhodobacter, Rhodospeu- 
domonas, Rhizobium, and the etiological agent of crown 
gall disease, Agrobacterium[l2\. TFX is highly specific for 
this group, as demonstrated by a lack of observable effect 
on the majority of the bacterial population in the bean 
rhizosphere [13]. This suggests that TFX could be used to 
control crown gall diseases of various plants with limited 
effects on non-target bacteria outside of that very specific 
group of TFX-sensitive a-proteobacteria. TFX is rapidly de- 
graded in nonsterile soil but is readily extraaable from 
sterile soil inoculated with a TFX-producing strain, sug- 
gesting that TFX is sensitive to in situ proteolysis [14]. De- 
spite this rapid turnover, TFX production confers 
enhanced nodulation efficiency upon TFX-producing 
Rhizobium strains under field conditions [15]. 

Degradation of antimicrobial peptides such as cecropin B 
and attacin E also has been observed in plant apoplastic 
fluids [5,16,17]. This is likely due to apoplastic proteinas- 
es [5,16]. Expression of antimicrobial peptides in plants 
has had mixed results for enhancing disease resistance. 
For example, cecropin expression in transgenic tobacco 
did not confer resistance to P. syringae pv tabaci[lS\, likely 
due to low apoplastic peptide concentrations due to pro- 



teolysis [19]. Therefore, prior to this work it was not clear 
whether a peptide antibiotic could play a role in the inhi- 
bition of galling by tumorigenic A^rob^ct^'um in planta. 

Agrobacterium rhizogenes is capable of producing TFX by 
audi lion uf iiie Siaule plasmid, pT2TFXK, which contains 
the tfx operon but not tfuA[\\,\2,10\. This suggests that 
TFX production by crown gall biological control strains of 
Agrobacterium, such as A. rhizogenes K84 and A. vitis F2/5, 
maybe enhanced by TFX production. These strains would 
be excellent delivery vehicles for TFX to the infection 
court. 

Here we present experiments demonstrating theTFX-sen- 
sitivity of a range of A. vitis strains and the effect of the TFX 
production and resistance phenotypes on the expression 
of biological control of crown gall using the model plant 
Nicotiana glauca. Strain F2/5 was chosen as the recipient of 
the TFX genes in this work because it is an avirulent strain 
that expresses a biological control phenotype on only one 
host. As a result, F2/5 is an ideal strain in which to lest the 
ability of the TFX system to confer biological control of 
crown gall disease and to broaden the host-range efficacy 
of a known biological control strain. 

Results 

In vitro TFX antibiosis against A, vitis 

Agrobacterium vitis strains (Table 1) were tested for sensi- 
tivity to trifolitoxin. As expected based on previous results 
[12], the tested Agrobacterium vitis strains were sensitive to 
TFX-producing strains. However, the level of susceptibility 
was lower than predicted based upon previous TFX sensi- 
tivity measurements with CG48 and CG74 [12]. No zones 
of A. vitis growth inhibition were observed around R, legu- 
minosarum T24 colonies, and only relatively small zones 
were observed around R. etli CE3(pT2TFXK), which pro- 
duces more TFX than T24. Furthermore, one A. vitis strain, 
F2/5, was TFX- resistant. 

Because A. vitis F2/5 produces an antibiotic to which most 
of the tumorigenic strains are sensitive [3|, the effect of 
TFX on A. vitis was assessed against TFX-producing and 
non-producing Rhizobium strains. None of the tested 
strains were sensitive to R. leguminosarum T24, which pro- 
duces relatively low amounts of TFX. All of the A. vitis 
strains except for F2/5 were sensitive to R. etli 
CE3(pT2TFXK) as evidenced by zones of growth inhibi- 
tion around the CE3{pT2TFXK) colonies. A, vitis growth 
was not inhibited by a non-TFX metabolite or nutrient 
competition byCE3(pT2TFXK) as evidenced by the lack of 
a zone around the near-isogenic tfxA mutant 
CE3(pT2TX3K) colony (Fig. 1). Wild type F2/5 produces a 
zone of inhibition versus the other agrobacteria used in 
this work. This occurred because of the antibiotic produc- 
tion previously observed by F2/5. These zones of inhibi- 
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Table I: Bacterial Strains used in this work and their TFX phenotype (production, resistance, and sensitivity). Overproduction of TFX 
occurs when the TFX production is conferred using a multi-copy, broad host range plasmid such as pTITFXK. 

Strain Characteristics Reference 



twizobtum 






T24 


R. legumtnosarum bv, trifolii, TFX producing strain 


zo 


T24::Tn5-l 


TFX non-producing mutant, Tn5 insertion in tfxB 


10 


CE3(pT2TFXK) 


R etli. Contains TFX-en coding plasmid, overproduces TFX 


20 


CE3(pT2T>(3K) 


Plasmid contains tfxA deletion, non-TFX producing strain 


20 


ANU794 


R leguminosanim bv. trifolii, TFX-sensitive 


29 


ANU794(pT2TX3K) 


TFX-resistant 


This work 


Agrobacterium v'nis 






F2/S 


Biological control on grapevine, no control on other host-plant species, TFX-resistant 


30 


F2/S(pT2TFXK) 


Contains TFX-encoding plasmid, produces TFX, TFX-resistant 


This work 


F2/5(pT2TX3K) 


Plasmid contains tfxA deletion, non-TFX producing strain, TFX-resistant 


This work 


CG49 


Tumorigenic, nopaline-type Ti plasmid, controlled by F2/5, sensitive to TFX overproduction 


31 


CG78 


Tumorigenic, vitoptne-type Ti plasmid, not controlled by F2/5 co-inoculadon, sensitive to TFX overproduction 


from TJ Burr 


K306 


Tumorigenic, octopine-type Ti plasmid, controlled by F2/5, sensitive to TFX overproduction 


from T| Burr 


CGI07 


Tumorigenic, sensitive to TFX overproduction 


from TJ Burr 


CGII3 


Tumorigenic, TFX-sensitive 


from 7] Burr 


CG435 


Tumorigenic, TFX-sensitive 


from T| Burr 




Figure I 

In vitro TFX antibiosis assay against A vkis CG78. Legend: The 
indicated TFX producing strains and their non-producing 
mutant derivatives cultured as a single colony near the cent- 
ers of the plates and allowed to grow 4 days at 27°C. The 
plates were then misted with a dilute suspension of A vitis 
CG78. The plates were photographed two days following 
misting. A zone of growth inhibition is present around the R 
et/i CE3(pT2TFXK) colony, but not around any of the other 
colonies. 



tion were much larger when pT2TFXK was added to F2/5 
and unchanged with the addition of pT2TX3K. 

Evidence for TFX production by A. vitis strain ¥11 
S(pT2TFXK) 

Strain F2/5(pT2TFXK) inhibited TFX-sensitive R. legumi- 
nosarum bv. trifohi ANU794 but had no effect on 
ANU794 following addition of the TFX resistance genes 
provided by pT2TX3K (Fig. 2). Plasmids pT2TFXK and 
pT2TX3K confer resistance to TFX, tetracycline, and kan- 
amycin with pT2TFXK also providing TFX production to a 
host strain (20]. Since strains F2/5 and F2/5(pT2TX3K) 
produced no zones of inhibition against ANU794 or 
ANU794(pT2TX3K) (data not shown), F2/5{pT2TFXK) is 
producing TFX. In addition, this shows that the agrocin- 
like molecule produced by F2/5 does not inhibit 
ANU794. 

In planta biotogicat control of crown gall conferred by TFX 
production 

As expected, F2/5 did not inhibit galling by tumorigenic 
A. vitis strains on N. glauca. However, a 10:1 ratio of A, vi- 
tis F2/5(pT2TFXK):pathogen caused a statistically signifi- 
cant reduction in mean gall size relative to the TFX non- 
producing controls on N. glauca stems for all three tested 
tumorigenic strains (Figs. 3 and 4). High concentrations 
of F2/5(pT2TFXK) also reduced gall incidence for CG435 
and CG78, but not for CG49 (Table 2). A 1:1 ratio of F2/ 
5(pT2TFXK):CG435 also resulted in a significant reduc- 
tion in gall size and in gall incidence compared to con- 
trols. A 1:1 ratio of F2/5(pT2TFXK):CG49 or F2/5 
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Table 2: Proportion of inoculations that resulted in gall formation by the tumorigenic A. Wt/s strains (CC49, CG78, and CG435) when 
co-inoculated with the TFX-producing strain F2/5(pT2TFXK) or the non-producing strains, F2/5 or F2/5(pT2TX3K). 

Tumorigenic Strain'. Proportion of inoculations that resulted in gall formation. 
Biologicai coniroi Con? CG7S CG435 

Strain 

F2/5 12/12 6/6 12/12 

F2/5(pT2TFXK) 10/14 1/8 0/14 

F2/5(pT2TX3K) ND^ 8/8 ND 

a. Inoculations performed at 10:1 ratio of biological control:padiogenic strain. Presence of galls was scored visually by comparison to an untnocu- 
lated negative control one month post-inoculation, b. ND, not done. 




Figure 2 

Ability of Agrobacterium to produce TFX with addition of 
pTlTFXK. Legend: Ability of F2/5(pT2TFXK) to inhibit 
ANU794. This inhibition is reversed by the addition of the 
TFX resistance genes to ANU794. Assay was performed as 
described in Figure I with F2/5(pT2TFXK) cultured in a sin- 
gle colony in the center of the plate. One day after growth at 
28®C. the plates were sprayed with a dilute suspension of 
ANU794(pT2TX3K) (A) or ANU794 (B). 



(pT2TFXK): CG78 did not affect either incidence of galls 
or reduce gall size. Similarly, an excess (a 1:10 ratio) of 
any of the virulent strains to F2/5(pT2TFXK) resulted in a 
high incidence of disease and large gall size. 

Discussion 

As all strains of A. vitis tested were sensitive to TFX both in 
this work and in a previous study [12], experiments were 
conducted to determine the effectiveness of a TFX-produc- 
ing, avirulent strain of A. vitis in the prevenuon of crown 
gall caused a three strains of A. vitis. Although A. vitis F2/ 
5 is an effective crown-gall biological control agent 
against most tumorigenic A. vitis suains when co-inoculat- 
ed with a tumorigenic strain, it is not an effective against 
all strains of A. vitis. 



Where A. vitis F2/5 is effective as a biological control 
agent, its control is only effective when numbers of F2/5 
are equal to, or greater than, the number of cells of the vir- 
ulent strain [3|. Strains that are resistant to F2/5 biological 
control are known. For example, strain CG78 is not con- 
trolled when co-inoculated with F2/5 [1]. 

Two principle benefits of TFX produaion by F2/5 are 
demonstrated here. Biological control is extended to a 
new host, N. glauca. Furthermore, biological control is ex- 
tended to a strain that F2/5 fails to control (CG78). These 
effects are due to TFX production as demonstrated by the 
lack of efficacy of F2/5 against CG49, CG435, and CG78, 
and by the lack of efficacy of the near-isogenic TFX-non- 
producing F2/5(pT2TX3K) against CG78. TFX confers bi- 
ological control when the TFX-producing strain is present 
in excess of the tumorigenic strain. Thus, F2/5(pT2TFXK) 
effertively inhibited gall incidence by two of the three test- 
ed tumorigenic strains when co-inoculated in approxi- 
mately 10-fold excess. F2/5(pT2TFXK) inhibited gall size 
by more than 70% with third tumorigenic strain tested. At 
1:1 or 1:10 inoculum ratios of F2/5(pT2TFXK): pathogen 
biological control was reduced or lost. High ratios of bio- 
logical control: pathogen strain should be easily achieved 
in field situations by dipping the roots of planting stock in 
suspensions of the biological control strain, or by direcdy 
applying the bacterial suspension to the planting bed. Fur- 
thermore, TFX is inhibitory towards all tested species of 
Agrobacterium[l2\. These results suggest that TFX produc- 
tion would enhance crown gall biological control for oth- 
er biological control strains, such as A. rhizogenes K84, and 
on other host plants, especially where a mixed inoculum 
of different tumorigenic A^rob^ctenum species occurs. 

K84 biological control is thought to be primarily due to 
production of two plasmid-encoded antibiotics, each of 
which accounts for a portion of the observed disease con- 
trol [9]. This naturally occurring example suggests that 
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Figure 3 

Effect of TFX production and inoculum ratio on gall forma- 
tion. Legend: Nicotiana glauca stems were wounded with a 
dissecting needle, and 5 ul of inoculum (mixtures noted at 
left) was placed on the wounds. The top stem was inoculated 
with CG435 as a positive control. Stems 2 and 3 were inocu- 
lated with mixtures of biological control test strains and 
CG435 at either a 1:1 (left three inoculation sites on each 
stem) or 10:1 (right three inoculation sites) biological con- 
trol:pathogen ratios. The photograph was taken approxi- 
mately 2 months post-inoculation. pT2TFXK confers 
biological control on F2/5 at the 10:1 ratio, but not at the 1:1 
ratio. 



pyramiding biological control mechanisms within one 
strain can enhance disease control. Strain F2/5 also pro- 
duces an A. i/itis-specific antibiotic in vitro, but this antibi- 
otic is not involved in disease control [4]. Thus, the 
addition of TFX to F2/5 is a successful example of pyra- 
miding unrelated disease control mechanisms and clearly 
demonstrates that individual antibiotics can be effectively 
developed as a mechanism of disease control. 

Although plasmid-borne traits are frequently unstable, 
pT2TFXK contains the RK2 plasmid-partitioning locus 
that confers a high degree of stability both in vitro and un- 
der field conditions [15J. Stable TFX expression would be 
beneficial under field conditions when the biological con- 
trol agent is inoculated on seeds or on roots dipped in a 
bacterial suspension prior to planting. 

Trifolitoxin production enhances rhizosphere competi- 
tiveness of Rhizobium etli CE3 (pT2TFXK) in sterile soil 
and enhances nodulation efficiency in non-sterile soil 
when compared to a TFX-sensitive strain [20], Trifolitoxin 
production also increases bean nodulation competitive- 
ness of Rhizobium etli CE3 in the presence of indigenous 
rhizobia under agricultural conditions [15). Field applica- 
tion of R, etli CE3 (pT2TFXK) dramatically reduced the di- 
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Figure 4 

Effect of TFX production and inoculum ratio on Nicotiana 
gtauca gall size. Legend: Gall diameter (mm) perpendicular to 
the stem was measured I month post-inoculation. Wound 
sites were inoculated with 5 ^,1 of mixed bacterial suspen- 
sions. Mixtures were made immediately prior to inoculation. 
Each inoculum mixture was inoculated into three or four 
wounds on each of two plants, for a total of six to eight inoc- 
ulations per treatment. Results that are significantly different 
at a = 0.05 are indicated with different letters within a group 
of inoculum mixtures. High ratios of F2/5 (pT2TFXK) :tum- 
origenic strain result in significant disease suppression for all 
three tested tumorigenic strains. 



versity of indigenous a-proteobacteria in the bean 
rhizosphere without affeaing unrelated species [13], 
Thus, TFX production by A. vitis F2/5 should enhance the 
competitiveness and aid in establishment of this benefi- 
cial strain in the rhizosphere. The ability to displace indig- 
enous tumorigenic Agrobacterium strains would be 
beneficial in those areas already infested with the patho- 
gen. 

Compared to other treatments available for pathogenic 
agrobacteria, the effects of TFX on non-target species is 
very low. Copper, a broad spectrum baaeriocide, is com- 
monly used as a treatment of bacterial diseases. Although 
no comprehensive studies have been published on the 
taxonomic range of bacteria inhibited by K84, it is known 
that K84 produces multiple antibiotics and that K84 can 
inhibit strains of Envinia and Pseudomonas that are unaf- 
fected by TFX [23-25]. TFX-producing strains inhibit only 
a very specific group within the a-proteobacteria in cul- 
ture and in the field [13,26]. These observations suggest 
that a K84-producing sUain may have a more serious im- 
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pact on non-target organisms than does a TFX-producing 
strain. However, there has been no study of the effects of 
K84 on non-target soil bacteria by culture-independent 
means to compare the effects of K84 versus theTFX system 
in a natural system. 

Conclusions 

TFX production effectively enhances crown gall biological 
control by Agrobacterium vitis F2/5. The host-plant range 
and range of tumorigenic A. vitis strains controlled by F2/ 
5 are both broadened by TFX production. In addition, vir- 
ulent strains of A. vitis not previously controlled by F2/5 
are controlled following the addition of the trifolitoxin 
produaion and resistance genes to F2/5. The plasmid 
used to confer trifolitoxin production and resistance, 
pT2TFXK, is stably maintained in the absence of selection 
pressure [20|. This plasmid is not self-transmissible but is 
mobilizable. With the TFX system, the biological control 
of Agrobacterium pathogens may be extended to many 
crops far beyond what is possible today with currently 
available commercial products. 

Materials and Methods 

Bacterial and plant growth conditions, strain construction 

Bacterial strains are listed in Table 1. The A. vitis strains 
(without pT2TFXK or pT2TX3K) were obtained from Dr. 
TJ. Burr, Cornell University. Bacteria were grown on BSM 
agar [21] media at 27°C. A. vitis F2/5(pT2TFXK) and F2/ 
5(pT2TX3K) were constructed by triparental mating using 
standard procedures. Transconjugants were seleaed on 
BSM media amended widi 50 \ig/m\ kanamycin. Trimeth- 
oprim (10 \ig/m\) was added to counterselect the E. coli 
DH5a donor and helper strains. The helper strain was E. 
coli DH5a pRK2013 [27]. Strains containing the plasmids 
pT2TFXK and pT2TX3K were grown for routine propaga- 
tion on BSM amended with 50 fig/ml kanamycin. Prior to 
use in making inoculum suspensions for biological con- 
trol assays these strains were grown overnight on BSM 
agar without kanamycin. 

Plants {Nicotiana glauca) were grown in the greenhouse 
with supplemental illumination and fertilized as needed 
with a nuuient solution called CNS containing (2 mM 
CaCl2.2H20, 0.5 mM MgS04.7H20, 2 mM KCI, 0.4 mM 
KH2PO4, 2.5 mM NH4NO3, 0.065 mM FeS04.7H20, 2.3 
^iM H3BO3, 0.9 ^iM MnS04.H20, 0.6 ^iM ZnS04.7H20, 
0.1 ^M NaMo04.2H20, 0.11 ^iM NiCl2-6H20, 0.01 fxM 
C0CI2.6H2O, 0.15 ^M CUSO4.5H2O). 

In vitro antibiosis assay 

TFX antibiosis assays were performed as described previ- 
ously [ 1 1 ]. The effect of TFX on various Agrobacterium vitis 
strains (Table 1) was assessed using Rhizobium leguminosa- 
rum bv. trifolii strain T24 and R, etli strain CE3 (pT2TFXK) 
as producing strains. Rhizobium leguminosarum bv. trifolii 



T24::Tn5-l and R. etli CE3 (pT2TX3K) were used as TFX 
non-producing negative controls. 

In planta biological control of crown gall by TFX~produc- 
ing strains 

A^grGbactcrium vitis strains were suspended in sterile dis- 
tilled water prior to the determination of colony forming 
units (CFU) per ml. These suspensions were adjusted to 
OD650 0.10 (approximately 10^ CFU/ml) using a Shi- 
madzu lJV-160 spectrophotometer and sterile distilled 
water, and stored until inoculation at 4*^0. Aaual inocu- 
lum viability and cell density were measured by dilution 
plating on BSM agar medium on the day that plants were 
inoculated [22]. Prior to inoculation, tumorigenic strains 
were diluted 10-fold with sterile distilled water to approx- 
imately 10^ CFU/ml. Strain F2/5 and its derivatives were 
left undiluted, or diluted 10-fold (for CG49 and CG435 
experiments) or 100-fold (for CG78 experiments). Thus, 
the CFU ratios were approximately 10:1, and 1:1 or 1:10 
avirulent:tumorigenic strain. Immediately prior to plant 
inoculation tumorigenic strains were mixed 1:1 (vol:vol) 
with the appropriate biological control test strain. Positive 
conurols were diluted 1:1 (vol.vol) with water. Thus, all 
plant inoculum contained approximately 5 x 10^ CFU/ml 
of the tumorigenic strains. Plants {Nicotiana glauca) were 
inoculated by wounding the stem with a dissecting nee- 
dle. Three or four inoculations were made per inoculum 
mixture on each of two plants. Thus, each of the two ex- 
periments included 6 to 8 repetitions per treatment. A 5 ^1 
drop of bacterial suspension was placed on the wound 
and allowed to air dry. Inoculation sites were wrapped 
loosely with Parafilm (American National Can) for 1 
week post-inoculation. Gall diameter perpendicular to the 
long axis of the stem was measured 4 to 7 weeks post-in- 
oculation using a caliper, and all measurements were in- 
cluded for statistical analysis. Results were analyzed using 
ANOVA at the a = 0.05 level of significance. 
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TFX, trifolitoxin. 
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ABSTRACT 



Burr, T J., Reid, C. L., Tagliati, E.. Bazzi, C, and Siile, S. 1997. Biologi- 
cal control of grape crown gaJI by sn-ain F2/5 is not associated with agro- 
cin production or competition for attachment sites on grape cells. Phyto- 
pathology 87:706-7 1 1 . 

Agrocin-minus mutants of nontumorigenic Afiwfuicterium vitis strain 
F2/5 controlled grape crown gall as well as the wild-type strain, indicat- 
ing that agrocin is not a major factor in the raechanism of biological 
control. Relative levels of attachment to grape cells by tumorigcnic and 
biocontrol sU^ns were also measured. AttaclimenI of luinorigenic strains 
(CG49 and K306) and biological control strains (F2/5 and agiocin-minus 



mutant 1077) wa.s often reduced when mixtures of the strains were ap- 
plied However, high populations (1 0^ to 10^ CFU/ml) of all strains attached 
following mixed inoculations, suggesting that competition for attachment 
sites is also nnt a factor in the inechanism of biological control. Transfer of 
T-DNA to grape by CXj49 was prevented or greatly inhibited in the presence 
of F2/5 or 1077 as measured by expression of die GUS reporter gene. The 
Ti plasmid vinilence genes, liowevcr, were induced by exudates fi ora grape 
shoots that had been inoculated with F2/5. Sonicated and autoclaved 
preparations of F2/5 and 1077 did not control crown gall or inliibil T- 
DNA u^nsfer. Conu-oi by F2/5 is specific to grape, .since gall formation 
on tomato, sunflower, and Kalanchoe daigremnntianti were not inhibited. 



Agrobactehum vitis (21), which causes crown gall disease on 
grape, survives endophytically in grape and, therefore, is dissemi- 
nated in propagation material (2,15,29). Recently, methods lor 
producing pathogen-free grapevines uaing shoot tip culture (3) and 
heat therapy (5) have been tested. However, once clean vines are 
obtained, it will be necessary to prevent them from becoming infec- 
ted by A wVii' tlial may persist in decaying grape debris In soils (7). 

A, radiobacter strain K-84 has been used successfully as a bio- 
logical control of crown gall on several plant species (23). An 
agrocin produced by K-84 (agrocin 84) is thought to be a primary 
factor in the mechanism of conlroL K-84, however, is not effective 
for preventing infections on grape caused by A. vitis and, them- 
fore, several laboratories have attempted to identify biological 
conuols for grape crown gall (17,2731,33). Xiaoying isolated a 
nontiimorigenic strain of A. tumefaciens biovar 1 (HLB-2) that 
inhibited growdi of several A. vitis strains and suppressed devel- 
opment of crown gall on grape in the greenhouse (8,33). Staphorst 
et al. (27) evaluated 16 strains, including strain P2/5 that inhibited 
growth of most A vitis strains in vitro and greatly inhibited crown 
gall on grape in greenhouse experiments. Burr and Reid (6) re- 
ported that F2/5 produces an agrocin that is inhibitory to most A. 
vitis strains in vitro and F2/5 is effective for inhibiting tumor for- 
mation at wound sites on grape artificially inoculated wilh several 
A. vitis strains. ¥2/5 was most effective when wounds were in- 
oculated at the same lime as the pathogen or prior to the pathogen 
and at ratios of 1 : 1 (F2/5 to pathogen). 

Prior to infection, tumorigenic Agrobactcrium spp. attach to 
plant cells. It has been demonstrated that nontumorigenic strains 
of Agrobacteritun may prevent infections by competing with tu- 
morigenic strains for attachment sites on plant cells (23). The 
purpose of this research was to gain further insight into the 
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mechanism by which F2/5 inhibits crown gall of grape. Specifi- 
cally, we wished to determine if agrocin production, compedlion 
for attachment sites, or both arc related to the mechanism of bio- 
logical control. We also examined the ability of F2/5 to prevent 
transfer of T-DNA by tumorigenic strains to grape and to prevent 
the induction of T\ plasmid virulence (vz>) genes. In addition, the 
speciticity of F2/5 for preventing crown gall on plants other than 
grape was determined. 

MATERIALS AND METHODS 

Bacterial strains* Strains ased are listed in Table 1. All strains 
were stored at -SOT in a medium containing (per 100 ml) 0.8 g 
of nutrient bmth (Difco Laboratories. Detroit). 15 ml of glycerol, 
0.2 g of yeast extract, and 0.5 g of glucose. 

T^ansposon mutagenesis. F2/5 and Escherichia coli strain 
S17-1, carrying the transposon Tn5 on pSUP202l (24), were 
grown for 48 h at 28°C on potato dextrose agar (PDA) (Difco 
Laboratories) and on Luria-Bertani medium (19) amended with 
kanamycin (50 pg/ml), respectively Growth from two culnire plates 
of each strain were suspended in 1.0 ml of sterile distilled water 
(SDW). and suspensions of the bacteria were combined. Volumes 
of 250 fil of the mixed suspension were spread onto the surface of 
four PDA plates and incubated at 28X for 48 h. Resulting bac- 
terial growth from the matings was sciaped from the plates, sus- 
pended in SDW, and dilution-plated on AB minimal salts medium 
(9,32) containing kanamycin (50 fig/ml). Transconjugants that grew 
within 3 to 4 days were recultuncd on the sainc medium and then 
assayed for their ability to inhibit growth of y4. vitis strain K306 in 
vitro. 

In vitro antibiosis assays were done by first making suspensions 
of transconjugants containing about lU" CFU/ml (optical density 
of 0.1 at 600 nm [ODgoo] determined with spectrophotometer). 
Twenty-four Uansconjugants were spotted (5-^l volumes) on each 
9-cm-diameter peU-i dish containing about 10 ml of mannitol- 
glutamate (MG) medium (20). Plates were incubated for 48 h at 
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2g*C, after which bacterial cells were killed by chloroform vapor 
(6), and bacterial growtli was scraped from the plates. The sur- 
faces of the plates were then sprayed until lightly wetted with a 
suspension of K306 containing about 10^ CFUIml Plates were in- 
cubated at 28"C, and the presence of inhibition zones around trans- 
coajugants were observed after 48 h. Strain F2/5 was spotted on 
all plates as a positive control. TVansconjugants that failed to in- 
hibit growth of K306 were retested at least (hree times. 

Southern hybridizations. SoiUhem hybridizations were done 
on F2/5 and agrocin-minus mutant strains (1076, 1077, 1078, and 
1079) to determine if the transposon had inserted into a plasmid or 
the bacterial chromosome. Plasmids and total genomic DNA were 
isolated from A. vitis strains as previously reported (4/7/25). 
Genomic DNA was digested overnight in EcoRV. Plasmids and 
digested genomic DNA were electiX)phoresed separately at 5 V/cm 
in 0.7% agarose in Tris-borate-EDTA and then visualized by 
Ataining with ethidium bromide. DNA was then Southern-trans- 
ferred to nylon transfer membranes by alkaline transfer. Plasmids 
afld digested total genomic DNA weie hybridized wiili DNA from 
a pUT plasmid carrying mini-Tn5^m2 (kanamycin-resistance 
gene) (12) that was labeled by random primed incorporation of 
digoxigenin-labcled dcoxyuridine-triphosphate using a nonradio- 
active DNA labeling kit (Genius; Boehringer Mannheim Bio- 
chemical s; Indianapolis, IN). 

Membranes were prchybridi^cd in hybridization solution (5x 
SSC [IX SSC is 0. 15 M NaCl plus 0.015 M sodium citrate], 0.5% 
[wt/voll blocking reagent, 0.1% [wi/vol] A^-lauroyl sarcosine so- 
dium salt, and 0.02% [wt/voij sodium dodccyl sulfate [SDS]) at 
68**C for 135 min. Hybridizations were done at es^C for 18 h in 
0.03 ml of hy*bridization solution/cm^ of membrane containing 25 
tig of labeled, denatured DNA/ml of hybridization solution. The 
DNA probe was denatured for 10 niin at 95*C and quick-cliilled 
on ice for 2 to 5 min before it was added to the hybridization solu- 
tion. Following posthybridization rinses^ blocking, and incubation 
with antibody-coiyugate solution and subsequent rinses, the mem- 
brane was placed in a hybridization bag that was open on two sides 
and saturated with a sufficient quantity of Lumi-Phos 530 (for chemi- 
(uminescent detection of alkaline phosphatase; Boehringer Mann- 
heim Biocheiuicals) to fully wet the membrane. It was then incuba- 
ted in the dark (covered with aluminum foil) for 1 min. The excess 
Lumi-Phos 530 was then drained from the hybridization bag, and 
the bag scaled, wrapped in foil, and incubated at 37X for 30 min. 
Tlie membrane was subsequently placed in a film cassette, ex- 
posed to X-ray film (ECodak XAR; Eastman Kodak Co., Rochester. 
NY) for 8 min, and then developed. 

Gaiill inhibittomi assays. Tlie ability of agrocin-minus mutants 
1076, 1077, 1078, and 1079 to inhibit gall formation by A, vitis 
suains CG49 and K306 was compared with that of F2/5. Woody 
stems of potted *Chardormay' grapevines were inoculated using 
procedures that were previously reported (6). Briefly, wounds were 
nwde with an electric drill (6-mm diameter) and inoculated with 
75 pi of bacterial cell susjx;nsions containing approximately equal 
numbers of biological control and tumorigenic bacterial strauis. 
Bacterial cell suspensions were made to OD^oo 0.1, correj;ponding 
to about 10* CFU/ml, and populations were verified by plating on 
PDA or PDA amended with kanamycin. For each replication of 
the experiment, three inoculations were made to each of three 
plants, and inoculation site.<j were wrapped with Parafilm. The num- 
bers of inoculation sites at which galls developed and die cross- 
sectional area (at widest point) of each gall were recorded 8 weeks 
after inoculation, SDW was applied as a negative control, and 
strains CG49 and K306 mixed with SDW as positive controls. 
The experiment was repeated four times. Differences in gall cross- 
sectional areas were analyzed using SAS General Linear Models / 
test (SAS Institute, Caiy, NC). 

Strains F2/5 and 1077 were also tested for their ability to inhibit 
gall formation by CG49 and K306 on sunflower {Heliantlxus an- 
fwus L.), tomato {Lycopersicon esculentum Mill.), and Kalanchoe 



daignnuyntiann Hamet & E. Perrier. Inoculation mixtures were 
made as above, and stems of potted plants were inoculated by 
placing 2-^1 drops of strains, alone and in mixtures, at sites in 
which wounds were made with a sterile pin. The incidence of 
galls was recorded after 3 weeks. The experiment was repeated 
twice with K306 and once for CG49. 

Attadunent assays. Green, actively growing shoots were col- 
lected from potted grapevines (cv. Chardonnay). Sections of sec- 
ond, third, and fourth intemodes having approximately the same 
diameters were cut from the shoots and surface-disinfested by 
shaking them submcRicd in 95% cthanol for 2 min and then in 
10% Clorox for 5 mirt They were then rinsed three times in SDW. 
The intemodes were cut in iengihs of about 1 cm, and the apical 
end was embedded in water agar in petri dishes (12 sections/ 
plate). Bacterial strains CG49, F2/5, and 1077 were grown on PDA 
or PDA plus kanamycin for 48 h at 28°C, and then suspended in 
SDW to a concentration of ODftoo 0.1. Serial dilutions of suspen- 
sions were plated. The exposed basal end of each shoot piece was 
then inoculated wiili 2 |il of the following treatments; SDW, CG49. 
F2/5, 1077, and CG49 combined with F2/5, and CG49 combined 
with 1077 (mixtures of strains containing equal volumes of each 
bacterial suspension). Twelve shoot sections were inoculated with 
each treatment. Lids were placed on the petri dishes, and inter- 
nodcs were incubated for 3 h. Another experiment was done sub- 
stituting K306 for CG49. All experiments were repeated at least 
once. 

The numbers of bacterial cells in each treatment that attached to 
the cut ends of the intemodes were determined. The inoculated 
ends were excised (3- to 4-nun tliickness), placed in tubes con- 
taining 10 ml of SDW, and vonexed vigorously for 30 s. Water 
was decanted from the lube, replaced with another 10 ml, and 
voriexed again The vortexing in fresh water was done a total of 
three times. Three groups of four intemode sections each were 
triturated in 1 ml of SDW in a microfugc tube, and populations of 
bacteria that had attached to the grape cells were determined by 
dilution-plating in triplicate on a medium, developed by Roy and 
Sa<;ser, that is semiselective for A. vitis (RS) (22) and on PDA. 
Colonies were counted after 3 days on PDA and after 7 days on 
RS. CG49 could be distinguished from F2/5 and 1077 by colony 
morphology on PDA, and K306 could be distingui.<;hed from the 
other strains on RS. 

EtTecl om T-DNA Iramfen We wished to determine whether 
strains F2/5 and 1077 prevent die transfer of the Ti plasmid T- 
DNA to grape. CG49 was first transformed witii p35SGUSINT 
(carries the uidA reporter gene and an eukaryotic intron driven by 



TABLE 1. Bacterial strains used in this jtudy 



Desif^nation 


Oiamcteiistics 


Origin or r&ference 


A^robacteriurtt vitu 






CG49 


Nopalinc Ti plasnud 


Bun, NY 


K306 


Octopine T\ pUisinid 


A. Kerr, Auslralia 


CX}49(p35SGUS;fN-0 


Km^ 


This study 


K306(p35SGUSINT) 


Km« 


This study 


CX}49(pSM243cd) 




This study 


K:^{l6(pSM24M) 




This study 


F2/5 


Agrocin* 


St^orst ci al., 1985 




nontuniorigenic 


(South Aliica) 


1076 


Agrocin- F2/5, Kiri'* 


This study 


1077 


Agrocin"F2/5, Kna^ 


This study 


1078 


Agrocla-F2/5, Km** 


Tlus study 


1079 


Agrucin- F2/5, Km*^ 


This study 


Exck&richia call 






S17-l(pSUP2021) 


Km« 


Simon ctal.. 1983 


iil7-l(p35SGUSlND 




Vancanneyt et al.. 1990 


MCI061(i)SM243cd) 




Scachel and ZambrysU 1986 


HBl01(pRK2013) 


Km» 


Figarski and Hclinski, 1979 


Olher 






A34a(pSM243cd) 


A. tuntefaciens biovar 


1 StachdaodZambrysld. 1986 
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the 35S promoter) (30). CG49 was grown on PDA and £ coU 
strain S17-1 (p35SGUSINT) was grown on LB medium amended 
widi kanamycin. Transconjugants of CG49 carrying p35SGUSTNT 
were derived by mating the A. vitix strains witli Sl7-i following 
the protocol described above for Tn5 mutagenesis and selecting 
inmsconjugants on minimal medium plus kanamycin. 

CG49 and CG49(p35SGUSINT), alone and in combination 
with F2J5 and 1077, were inoculated on grape intemodes (cvs. 
Cabernet Sauvignon and Catawba) as described above. Intemodes 
were incubated in baby food jars containing lulf-strcngth Gam- 
borg's B5 basal salt mixture (Sigma Chemical Co., St. I^uis) 
amended with 10 g/liter of sucrose and 0.6% agar without hor- 
mones. Eight intemodes were inoculated per jar. and two jars 
were used foi: each treatment 

lb measure GUS activity, thin sections of the inoculated ends of 
die intemodes were collected 14 days after inoculation. Sections 
were rinsed in 0.1 M phosphate buffer (pH 7.0) three times and 
then placed in individual wells of 96-well microtiter plates to 
which 100 Mi of substrate solution was added. To make the sub- 
strate solution, a desired quantity of 5-bromo-4-chloro-3-indolyI- 



1 2 3 4 5 6 



B 



□ glucuronic add (X-gluc) was first dissolved in a couple of drops 
of A/JV-dimethyl fonnamide and then added at a concentration of I 
mg/ml of buffer consisting of 980 fd of 0.1 M phosphate buffer 
(pH 7.0) and 10 pi each of potassium ferricyanide and potassium 
fenricyanide (5 mM), Lids were placed on plates, wrapped in Para- 
film, and the plant sections were incubated overnight at 37*'C and 
then rinsed with phosphate buffer before viewing them under u 
dissectmg scope for the presence of blue cells. Afier the first experi- 
ment showed that F2/5 and 1077 inhibited grape transformation, 
die experiment was repeated two additional times and included 
sonicated (in uUrasonicator for 60 s) and autoclaved preparations 
ofF2/5 and 1077, 

Effect of F2/5 on w induction. A previously employed assay 
(28) was used to dcteraiine if the induction of vir in CG49 and 
K306 is inhibited by exudates from grape shoow that were inocu- 
lated with F2/5 and 1077. Transconjugants of CG49 and K306 
carrying pSM243cd (containing a virB\:lacZ fusion) (26) were 
made by triparental-mating with £. coli strain MC1061 carrying 
pSM243cd and with E. coli strain HBlOl carrying the helper 
plasmidpRK2013(13). 

[n vitro-grown grape shoot pieces (Vitb vinifera cv. Narancsizu), 
about 10 mm in length, were submersed for 2i) min in suspensions 
of F2/5 or 1077 containing about \(f CKJ/ml. Control shoot pieces 
were submersed in SDW. CG49(pSM243cd), K306(pSM243cd), 
and^, tumefaciens biovar 1 strain A348(pSM243cd) (as a positive 
conuol) were grown for 48 h on low-phosphalc AB sucrose me- 
dium, which is optimized for vir induction assays (32). The me- 
dium contains 3% sucrose, AB salts, 2.5 mM phosphate buffer, 20 
niM moipholineethanesulfonic acid (MES), and 50 Mg/ml each of 
ampicillin and kanamycin. The medium was adjusted to pH 5.5 
for vir induction. The bacteria were then suspended in the same 
liquid medium (to about 10^ CFU/ml) without antibiotics. They 
were then spread on the surface of the above medium containing 
1% agar. 20 mg of X-Gal (5-bromo-4-chIoro-3-indolyI-P-i>-galac- 
lopyianosidc), and 20 mg of IPTG (isopropyl-p-D-thiogalacto- 
pyranoside)/litcr. The grape shoot pieces were placed on die sur- 
face of the medium, and the appearance of blue color around the 
cut ends of the shoots (denoting production of ^galactosidase 
and, thus, vir induction) was monitored 2 to 4 days later. 





Fig. 1. A, Plasmid profiles: B, Southern hyhridi?.alion of plasmids; and C, 
hybiidization of £coRV^igested total genomic DNA. AM hybridizaUons 
were done by probing wiih mini-rn5/fm2 us described in text. Lanes cone- 
spond lo strains; 1 = S17-l(pSUF2021), 2 = F2/5, 3 = 1076 4 = 1077 5 = 
1078, and fi= J079. 



TABLE Z fiSect of F2/S and 1077 on attachnient 01*0049 and K306 to grape" 



Mean populadon" 



CoinocuJant 


CG49/IG06'^ 


F2/5 


1077 


CG49 








Water 


1.1 X lO^u^ 


IS X 105 W 


7.2x 10*y 


CG49 




5.7xlO*x 


3.0xlO*z 


F2/5 


4.1xI0*v 






1077 


3.2 K 10* V 






K306 










6.5 X 10^ u 


6.3xi03w 


6,1 X 10^ y 


K306 




8,0 X 103 w 


3.2 X 103 z 


F2/5 


6.7xio5u 




Mrn 


4.8 X 10' u 







* Inidal bacierial suspensions (CFU/ml) used with CG49 were CG4g « 1 0 x 
m F2/5 = 1,3 X 10«. aiid Ur77 ^ 9.0 x 10^ and those widi K30fi wcit 
K306 = 7.0 X 10^ F2/5 = 4.0 x 10^ and 1077 = 5.0 x 10' mixed with equal 
volumes of wuter or coinoculant and applied to gmpe shoots as described in 
text, 

" Mean populations (CFU/ml) of .-strains that attached to grape shoots fol- 
lowing inoculations with other strains were determined by plating on potato 
dextrose agar (PDA) or RS media. Colonies of CG49 wcni distinguished 
from F2/5 and 1077 by morphology on PDA, Colonies of K306 were dis- 
Imguished from colonies of other strains on RS medium, 

<^ Mean populations of CG49 for the first half of the table and of K306 for the 
second half. 

^ Values in the same column tfiat are followed by dififeicm letters ate signifi- 
canlly diflerenl determined by the SAS Genent Unear Models i test (P ^ 
0.05). 
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RESULTS 

Agrociii-ininus F2/5 mutants. About 3,000 Tn5 mutants of 
P2/5 were screened for their capacity to inhibit powth of K306 in 
vitro. Four agrocin-minus mutants. 1076. 1077, 107S, and 1079, 
were isolated. Plasmid profiles of the mutant strains (Fig. lA) 
revealed identical patterns to and none of the pJasmids hy- 
bridized with the mini-Tn5irm2 probe (Fig. IB), In all cases» di- 
gested genomic DNA from mutant strains revealed a single band 
of approximately the same size when hybridized with the 7n5Km2 
probe (Fig- IC). 

To determine if the mutations may not be affecting agrocin pro- 
duction but ratlier the export of agrocin across the outer membrane 
of the bacterial cell, strains F2/5 and 1077 were grown on MG 
medium and then an aqueous suspension of about lO** CFU/ml 
was ulirasonicated for 3 min and spotted on MG medium. After 
the spots dried, the plates were sprayed with a suspension of K306 
as described above. Zones of growth inhibition were only ob- 
served around the F2/5 iipots, indicating diat mutants were unable 
to produce the agrocin. 

Gall inhibition. Agrocin-minus derivatives 1076, 1077, 1078, 
and 1079 controlled crown gall on grape as well as did wild-type 
F2/5 (Fig. 2). Galls did not develop, or were greatly suppressed, 
on plants that were coinoculated with the F2/5 or mutants mixed 
with CG49 or K306. As observed previously, K306 is more viru- 
lent on grape than is CG49, iu that more inoculation sttes develop 
galls and they are generally larger in size (6), 

Strains F2/5 and 1077, however, failed to inhibit gall formation 
by CG49 and K306 on sunflower, tomato, or K. daigremomiana. 
All plants that were coinoculated with the biological controls and 
pathogens developed galls at all inoculation sites, and the galls 
appeared identical to those that developed on plants inoculated 
with the pathogens alone. 

Attachment Following coinocuiation with F2/5 and 1077, 
populations of CG49 that attached to grape shoot tissues were 
reduced significantly, whereas populations of K306 were not 
(Table 2);Populadons of F2y5 and 1077 that attached to the shoots 
also were reduced significantly when coinoculated with CG49. 
Strain 1077 attachment was reduced significantly when coinocu- 
lated with K306. Although the reductions in attachment were, in 
some cases, statistically significant, they were no greater than one 
log unit as compared with attachment in the absence of coinocu- 
lant strains. Therefore, high numbers of CG49 and K306 cells 
still attached to grape, even in the presence of F2/5 and 1077. It 
was demonstrated that the populations of CG49 and K306 that 
were able to attach to the grape shoots in the presence of F2/5 
and 1077 (about Itf CFU/ml) were adequate to cause crown gall 
on shoot pieces (T. J. Burr, unpublished data). Therefore, the 
mechanism by which F2/5 inhibits crown gall of grape does not 
appear to be associated with competition for attachment sites on 
grape cells. 

T-DNA transfer and vir induction. Strains F2/5 and 1077 
greatly affected the ability of tunwrigenic strains to transfer T- 
DNA to grapes as determined by the presence of blue cells (GUS 
expression) in inoculated intemodc sections. A total of five to six 
thin section.*; from each of 16 intemodes were observed for each 
inoculation made to *Caberaet Sauvignon' and 'Catawba'. Inter- 
nodes that were inoculated with wild-type CG49 had no blue cells, 
whereas those inoculated with CG49(p35SGUSINT) had abundant 
blue cells at the inoculated ends. In contrast, no blue cells were 
observed in tissues that were inoculated witli the mixture of 
CG49(p35SGUSlNT) and F2/5 or with CG49(p35SGUSlNT) and 
1077, In some cases, these shoots developed slight swellings diat 
possibly resulted from normal callus formation, however, none 
had observable blue cells. Intemodes that were inoculared with 
CG49(p35SGUSINT) mixed with sonicated or autoclavcd F2/5 
and 1077 had abundant blue cells in all intemodes, resembling 
those inoculated with CG49(p35SGUSINT) alone. No differ- 



ences were observed between experiments done with 'Cabernet 
Sauvignon' or *Catawba\ 

Treating grape shoot pieces witli F2/5 or 1077 did not prevent 
their exudates from inducing VH> in strains CG49 or K306- Ftotrans- 
conjugants of CG49 and two of K306 carrying pSM243cd were com- 
pared with the positive control, A348(pSM243cd). Blue-pigmen- 
ted bacterial growth of CG49(pSM243cd) and K306(pSM243cd) 
was observed within 48 to 72 h on the agar plates around the cut 
ends of the shoots that were treated with F2/5, 1077, or water (in- 
dicative of (J-galactosidase activity). 

DISCUSSION 

Two possible mechanisms by which F2/5 may inhibit crown 
gall of grape, i.e., antibiosis by an t^ocin and competition for 
attachment sites on grape, were investigated. Although F2/5 pro- 
duces an agrocin that inhibits growth of many A. vitis strains in 
vitro, the agrocin is apparently not a major factor in suppressing 
crown gall on grape, since agrocin-minus mutants of F2/5 pro- 
vided die same level of crown gall control as the wild-type strain. 
This finding is particularly interesting since F2/5 was first se- 
lected as a potential candidate for biological control because of its 
in vitro antibiosis to A. vitis (27). We previoa^ily found that at least 
one strain of A. vitis (CG78) that is sensitive to the agrocin of 
F2/5 in vitro is not controlled by ¥2/5 on grape (6), Tlierefore, the 
mechanism by which F2/5 inhibits crown gall on grape is appar- 
ently not related to agrocin production and is different from that 
by which A. radiobacter strain K-84 controls crown gall on other 
hosts. Production of agrocin 84 is generally believed to be a major 
contributing factor to biological control by K-84, although otiier 
factors such as competition for attachment sites on plant cells (11) 
and the production of agrocins other than agrocin 84 (10) may also 
be involved. 
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Fig. 2. Effect of F2/5 ant! agrocin-minus mutants 1076, 1077, 1078, and 
1079 on the development of crown gall of gf^ by CG49 and K306. Sus- 
pensions of bacteria containing about 10* CFU/ml or CG49 or K306 were 
mixed 1:1 with water, F2/5. or agrocin-minus mutants before inoculating 
woody stems of grape as described in text. Values for gall size in columns 
foUowed by different letters differ significantly as detcnnined by the SAS 
General Unear Models / test (P = 0.05). 
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An early event in tumorigencsis of Agrohacterium spp. is the 
attachment of the bacterium to host plant ccJb (16). At least three 
chromosomal virulence genes are known to be involved in at- 
tachment of A. tumefaciens to various plant species. It has been 
demonstrated that some nonturaorigenic strains efficiently com- 
pete for attachment sites on plant cells and, thereby, inhibit at- 
tachment and infection by tumorigenic strains (18). It was previ- 
ously demonstrated that /i. vitis attaches more efficiently than A. 
tumefaciens to grape roots and that polygalacturonase production 
by A, vitis may be associated with attachment (1). Therefore, we 
examined the relative abilities of F2/5, 1077, CG49, and K306, 
alone and in combinations, to attach to grape cells. Our results 
do not support the hypothesis that F2/5 is preventing crown 
gall by significantly inhibiting the attachment of lumorigcnic 
A, vitis to grape. Although there was a significant reduction in 
attachment of the tumorigenic strains following inoculations 
with some strain mixtures, this seemed to be a nonspecific phe- 
nomenon, since even attachment of biological control strains 
F2/5 and 1077 was reduced when they were inoculated together 
with CG49. 

The effectiveness of ¥2/5 and agrocin-minus mutants for crown 
gall control was mea.sured by observing gall development on 
plants and determining GUS expression in plants inoculated with 
derivatives of CG49 and K306 carrying p35GUSINT. Gall forma- 
tion and GUS expression were often completely prevented, indi- 
cating that the T-DNA of the pathogens is not transferred to grape 
and expressed in the grape genome. In contrast, galls formed on 
sunflower, tomato, and dai^renwntiana that were inoculated 
with F2/5-pathogen mixtures, illustrating tliat CG49 and K306 
remain viable (6) and tumorigenic in the bacterial mixtures. These 
results suggest that F2/5 may be inducing a resistance reaction in 
grape or that its inhibitory activity on the patfiogen is directly re> 
lated to its interaction with grape. 

Plant signal compounds are able to induce the w> genes that are 
carried on the Ti plasmids of tumorigenic Agrohacterium spp. 
(16), Hiese genes arc responsible for packaging and transfer of T- 
DNA'lo the plant. We sought to determine if, following treatment 
of giape shoots with F2/5 and 1077, exudates from the inoculated 
shoots would be altered in their ability to induce vir in A. vffw. 
However, in all cases, vir was induced by exudates from grape 
shoots that had been treated witli both strains. Vir induction was 
detcimined by measuring induction of a virBwlacZ fusion carried 
in pSM243cd. The virB was cloned from A. tumefaciens strain 
A6. It has been reported that some vir regions of A. vitis Ti 
plasmids may differ substantially from those that have been 
mapped in A lumefaciens strains (14). Therefore, it was inter- 
esting to note that vir products from wild-type CG49 and K306 
were able to induce the A6 virB in pSM243cd. Using this same 
method to measure differences in viV induction by exudates from 
crown gall-suscepdble and -resistant grape genotypes, it was 
found that vir is induced equally well in both groups (2&). 
Tlierefore. in crown gali-sasccptible grape shoots treated with 
F2/5 and in resistant grape genotypes, the prevention of 1- 
DNA expression in the plants does not result from failure of 
vir induction. 

Biological control of grape crown gall is likely to provide an ef- 
fective means for preventing infection of vines that are to be 
planted in vineyards where grapes were grown previously. An 
understanding of the mechanism of control will be impoitant for 
determining the most efficient way of preparing and applying the 
biological control strains in commercial agriculture. Ideally, F2/5 
applied to vines al planting time would colonize them systenii- 
cally, similar to tumorigenic A, vitis, and provide protection 
against crown gall for an extended period of time. Several factors 
including the liming of P2/5 applications in relation to infection 
by A. vitis, the length of the protection period after application of 
E2/5, and the pos.';ible.need for repeated applications of F2/5 dur- 
ing the life of the vineyard are being studied. 
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Abstract 

The ability of antibiotic-producing sireptomycetes to colonize alfalfa (Medicago saliva L.) plants and influence the activities 
of a fungal plant pathogen {Phoma medicuginis var. medicaginis) and a mutualislic symbiont (Sinorhizobiutn meliloti) was 
investigated. Streptomyces strains were introduced around seeds at the lime of planthig. Hyphal filaments and spore chains were 
observed by scanning electron microscopy on roots of alfalfa seedlings receiving the streptomycete amendment. Streptotnyces 
strain densities on leaves decreased 1 0-1 00-fold over an 8-week period, while densities on roots remained constant over time. 
The Streptomyces strains also colonized alfalfa root nodules. We then tested the ability of 15 antibiotic-producing strains of 
Streptotnyces to inhibit in vitro growth of Phoma medicaginis var. medicaginis Malbr. & Rouni., the causal agent of spring 
blackstem and leaf spot of alfalfa. The majority of the Streptomyces strains inhibited growth of three diverse strains of P. 
medicaginis. In a detached leaf assay, one Streptomyces strain decreased leaf spot symptoms caused by P medicaginis when 
inoculated onto leaves 24 )i before the pathogen. Two Streptomyces strains decreased defoliation caused by P medicaginis 
when the sireptomycetes were introduced around seeds at the time of planting. We also examined inhibitory activity of 
Sttvptomyces strains against 1 1 strains of .S. meliloti. Eight of the 15 Streptomyces strains inhibited in vitro growth of five 
OK more of the 5. meliloti strains, while four Streptomyces strains had no effect on growth of any test strains. In a growth 
chamber assay, two of six Streptomyces strains, when inoculated into the planting mix, significantly reduced plant dry weight 
compared to the treatment with .V. meliloti alone, but did not significantly reduce the number of nodules. These results suggest 
that careful selection of Streptomyces isolates for use in biological control of plant diseases wiU limit the potential negative 
impacts on rhizobia. 
Published by Elsevier Science B.V. 

Keywords: Biocontrol; Lucenie 



1. Introduction 

Alfalfa (Medicago saliva L.) is the primary cul- 
tivated forage crop in the United States. Growth of 
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alfalfa increases soil fertility, improves soil structure, 
and reduces erosion, making alfalfa an important com- 
ponent in crop rotations and in sustainable agricultural 
systems. However, a number of serious diseases af- 
fect persistence and yield of alfalfa. In particular, root 
rot and crown rot diseases, caused by a complex of 
fungi, as well as several foliar pathogens, can cause 
significant yield reductions. Phoma medicaginis var. 
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medicaginis Malbr. 8l Roum., the causal agent of 
spring blackstem and leaf spot of alfalfa^ infects leaves 
and stems during cool wet weather (Leath et aJ. J 988). 
The disease causes the most severe yield reduction in 
the first spring harvest, which typically has the high- 
est dry matter production and forage quality. Infection 
of crowns and roots can cause stand thinning (Leath 
et al., 1988; Rodriguez et aK, 1990), decreasing the 
productive life of an alfalfa field. Little resistance to R 
medicaginis has been found in alfalfa germplasm and 
no highly resistant varieties are currently available. 

We have investigated the use of Streptomyces spp. as 
broad-spectrum biological control agents for multi- 
ple pathogens in diverse cropping systems including 
potato, alfalfa, soybean, and com. Streptomycetes are 
common filamentous bacteria that are effective, per- 
sistent soil saprophytes and often are associated with 
plant roots. They are well-known producers of an- 
tibiotics and extracellular hydrolytic enzymes. These 
characteristics, as well as their ability to withstand des- 
iccation and high temperatures as spores, make them 
attractive as biological control agents. Several strains 
are available as commercial products (Nemec et al., 
1996). 

A naturally-occurring potato scab suppressive 
soil was found to have high population densities of 
antibiotic-producing, non-pathogenic streptomycetes 
(Lorangetal. 1995; Liu etal., 1996). These antibiotic- 
producing strains have strong in vitro inhibitory 
activity against a wide variety of plant-pathogenic 
bacteria and fungi (Liu, 1992; Jones and Samac, 1996; 
Xiao et al., 2002). Inoculation of soil with individual 
strains controls potato scab in greenhouse and field 
experiments (Liu el al., 1995). Individual strains con- 
trol root rot caused by Aphanomyces euteiches Dresh. 
and Phytophthora medicaginis Hansen et Maxwell 
on alfalfa in growth chamber and greenhouse studies 
(Jones and Samac, 1996; Xiao et al., 2002) and re- 
duce population densities of the root-lesion nematode 
(PratyJenchus penetrans (Cobb) Filipjev & Schuur- 
mans Stekhoven) on alfalfa roots (Samac and Kinkel, 
2001). Field experiments have shown control of Sep- 
toria leaf spot of hybrid poplar by foliar applications 
of single Streptomyces strains originating from the 
suppressive soil (Gyenis, 2000; Shimizu, 1994). 

Streptomyces spp. have the potential to contribute to 
management of soilborne and foliar plant pathogens 
on diverse plant hosts. However, their value in a 



multiple crop, integrated disease management system 
depends not only on their abilities to control plant 
disease, but also on their ability to colonize plant 
host surfaces and their potential inhibitory effects on 
beneficial micioues. In particular, because of their 
production of broad-spectrum antimicrobial com- 
pounds, Streptomyces spp. may have negative impacts 
on the growth and performance of nitrogen-fixing 
mutualistic bacteria. 

The objectives of this study were to evaluate the 
potential for Streptomyces spp. to contribute to the 
management of foliar and soilborne plant pathogens 
of alfalfa. Specifically, we investigated the ability of 
Streptomyces strains to colonize alfalfa leaves and 
roots following inoculation of the soil at planting. We 
also examined the ability of Streptomyces strains to 
inhibit Phoirui medicaginis growth in vitro and quan- 
tified the effects of Streptomyces strains on leaf spot 
symptoms caused by P. medicaginis. Finally, we eval- 
uated the effects of antibiotic-producing Streptomyces 
strains on in vitro growth of Sinorhizohium meliloti 
and nodulation of alfalfa plants. 

2. Materials and methods 

2.7. Bacterial and fungal strains 

Streptomyces strains were isolated from a potato 
scab-.suppressive soil in Grand Rapids, MN as de- 
scribed previously (Liu et al., 1996). Fifteen strains 
were selected for study here based on their ability 
to produce large zones (>10mm diameter) of growth 
inhibition in vitro of Streptomyces scabies, the causal 
agent of potato scab (Liu et al., 1996). A. subset of 
1 1 strains from the USDA S, meliloti strain collection 
was obtained from M. Sadowsky, University of Min- 
nesota. Streptomyces and Sinorhizohium strains were 
stored until use in 20% glycerol at — SO^'C. Phoma 
medicaginis strain 866 was obtained from K. Leath, 
(USDA-ARS, University Park, PA), strain T430 
from N. O'Neill (USDA-ARS, BeltsviUe, MD), and 
strain NYOOl from G. Bergstrom (Cornell University, 
Ithaca. NY). Fungi were stored on silica gel at VC. 

Fresh spore suspensions from Streptomyces strains 
were collected in sterile distilled water with 0.01% 
Tween 20 from cultures grown for 7-10 days at 
28 "C on oatmeal (OM) agar plates (Liu et al., 1995). 
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Inoculum concentrations were determined by com- 
paring the optical density of the spore suspension at 
6(X) nm with colony fomiing units (CFU) previously 
determined by dilution plating of the spore suspen- 
sion on Oivi agar plates. R medicaginis cultuics were 
grown on potato dextrose agar (PDA) at 25 ''C for 
14-21 days for production of couidia. Fresh spore 
suspensions were collected in sterile distilled water 
with 0.01% Tween 20 and spore concentrations were 
determined using a hemacytometer. S. meliloii strains 
were cultured on YEM agar plates (Vincent, 1970) at 
28 ""C for 2 days and cell suspensions were made by 
vortexing colonies removed from plates in phosphate 
buffered saline. Inoculum concentrations were deter- 
mined by comparing the optical density at 600 nm 
with CFU previously determined by dilution plating 
on YEM agar plates. 

2.2. Alfalfa colonization 

. Seeds of the alfalfa variety Agate were surface 
sterilized by immersion in 70% ethanol for 1 min, 
followed by continuous agitation in a 10% bleach so- 
lution (0.525% sodium hypochlorite) for 10min» and 
three rinses with sterile distilled water. Seeds were 
allowed to imbibe water overnight at room tempera- 
ture. Plants were grown in 3.8 cm x 19 cm containers 
(Stuewe & Sons Inc., Gorvallis, OR, USA) in a steril- 
ized sand:vermicuUte mixUire (1:1 (v/v)). A fresh sus- 
pension of. Streptomyces spores (strains 93, GS6-17, 
and GS43-11) in OM broth with 0.01% Tween-20 
was added to the planting mixture immediately be- 
fore planting so that each Streptomyces-VimtnAtA 
container received approximately 1 x lO^ CFU/cm^ 
planting mix. Control treatments received an equal 
volume of OM broth. Seeds were placed on the sur- 
face of the planting mix approximately 2 cm from the 
top of the container and covered with a 0.5 cm layer 
of the sterilized sandivermiculite mixture. Each plant 
was inoculated with approximately 1 x 10"^ CFU of 5. 
meliloti strain USDA 105F21 in phosphate buffered 
saline 7 days after planting by pipetting the inoculum 
onto the soil mix at the base of the plant. 

Plants were maintained in a growth chamber 
with a 16 h day length at 21 ""C, approximately 
600|xmolm^/s irradiance, and night temperature of 
I9°C. Plants were fertilized weekly with a nitrogen- 
free nutrient solution (Somasegaran and Hoben, 1994) 



and watered as needed. Alfalfa tissue samples were 
harvested for assessment of Streptomyces population 
densities at 3, 6, and 8 weeks after planting. The old- 
est trifoliolate leaf was removed and roots were then 
icmoved from the planting iriixture, gently nnscd 
with distilled water to remove soil particles, and 
blotted dry. Roots were divided into the upper 5 cm 
root segment and the remaining lower root system. 
Nodules were removed from roots at 6 and 8 weeks 
after planting. Shoot, root» and nodule fresh weights 
were recorded. The trifoliolate leaf and root sections 
were sonicated separately for 15 min in 9 m! sterile 
distilled water with 0.01% Triton X-100 using a Bran- 
sonic 8200 water bath sonicator (Branson Ultrasonics 
Corp.. Danbury, CT, USA). Nodules were homoge- 
nized in 9 ml sterile distiUed water with 0.01% Triton 
X-100 using a Tissue Tearor (Research Products 
International Corp., Mount Prospect, IL, USA). Se- 
rial dilutions of wash suspensions and homogenates 
were plated on OM agar containing antibiotics (Loria 
and Devis, 1988). Streptomycete colony counts were 
recorded after incubation for 7 days at 28 "^C. Five 
plants per treatment were analyzed, at each lime 
point, and the experiment was repeated twice. 

2.3, Scanning electron microscopy 

Alfalfa roots from 14-day-old plants grown as 
described above and inoculated with Streptomyces 
strain 93 at planting were cut into 1cm sections 
and fixed overnight in 2.5% glutaraldehyde and 4% 
paraformaldehyde in 0.1 M phosphate buffer, pH 7. 
Roots were rinsed three times with 0.1 M phosphate 
buffer, pH 7.0 and stained for 30 min in 2% osmium 
tetroxide. After rinsing thiee times with distilled wa- 
ter, roots were dehydrated in a graded acetone series, 
then critical-point dried. Samples were mounted on 
aluminum pin stubs and coated with Au/Pd in a vac- 
uum evaporator. Samples were visualized using a 
Philips SEM 500. 

2.4. In vitro antibiosis assays 

A double layer agar method (Vidaver et al., 1972) 
was used to detemiine in vitro inhibition of 3 strains 
of R medicoginis and 1 1 strains of S, meliloti by each 
of the 15 Streptomyces strains. In order to determine 
the potential of Streptomyces strains to influence 
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the production of antimicrobial compounds by other 
Streptomyces strains in culture, antibiosis assays were 
carried out initially with one Streptomyces strain per 
agar plate and results were compared with assays 
in which four strains were cukureu on each agai' 
plate. For assays with one isolate per plate, lOjxl 
of a fresh spore suspension of each Streptomyces 
strain at 10^-10** CFU/ml m sterile water with 0.01% 
Tween-20 was dotted onto the surface of 10 ml R2YE 
agar (Hopwood et al„ 1985) in a 15 mm x 60 mm 
Peud-plate. Plates were incubated at 28 "C for 3 days. 
The Streptomyces cultures were killed by inverting 
cultures over watch glasses containing chloroform 
in a fume hood for 1 h. Traces of the solvent were 
removed by placing plates in a laminar flow hood for 
30 min. Plates were then overlaid with 3 ml of molten 
1% water agar at approximately 55 ""C containing 
either P. medicaginis (approximately 10*-^ spores/ml) 
or 5. meliloti (approximately 10^ CFU/ml). Each 
Strepiomyces-Phoma or Streptomyces-Sinorhizobium 
combination was tested on three mdividual plates. 
Clear growth inhibition zones were measured after 
incubation at 28 "^C for 3 days (S. meliloti) or 7 days 
{P. medicaginis). The same procedure was used in 
assays examining four strains on each agar plate, 
using 35 mi of R2YE medium in 100 mm x 15 mm 
Petri-plates. The plates were overlaid with 10 ml of 
molten water agar inoculated with P. medicaginis or 
S. meliloti as above. Each Streptomyces-Phoma or 
Streptomyces-Sinorhizohium combination was tested 
on thiee individual plates with variable combinations 
of Streptomyces strains. 

2.5. Disease assays 

A single plant from the alfalfa variety Regen-SY 
(Bingham, 1991) was vegelatively propagated and 
plants were grown in a growth chamber under the same 
conditions as described above. Leaves were removed 
from the oldest three nodes of several clones and 
placed abaxial side down on sterile moistened filter 
paper in covered plastic 1 00 mm x 1 5 mm Petri-plates, 
four leaves per plate. Leaves in each plate were 
sprayed with approximately 1 ml of a I x 10^ GFU/ml 
suspension of Streptomyces spores in OM broth. Plates 
were incubated at room temperature for 24 h during 
which time the free moisture in the Streptomyces 
inoculum dissipated. Leaves in each moist chamber 



were then sprayed with approximately 1 ml of med- 
icaginis strain 866 spores at 1x10^^ spores/ml. Control 
treatments of oatmeal broth followed by P. medicagi- 
nis inoculation and oatmeal broth followed by spray- 
ing with water v;ere included in each experiment: 
Leaves were incubated at room temperature for 5-6 
days; water was added periodically to each chamber 
to keep filter papers moist. Leaves were scored for leaf 
spot symptoms, where 0: no symptoms; 0.5:1-10 "tar 
spots" on each leaflet, no yellowing; I: 10-15 spots 
on each leaflet, approximately 25% of leaf yellow, 
2: more than 15 spots on each leaflet, approximately 
50% of leaf yeUow; 3: 75% of leaf yellow, 4: 100% 
of leaf yellow. For each Streptomyces strain, four 
plates were assayed with leaves within plates treated 
as subsamples. The experiment was carried out twice. 

Eight-week-old plants inoculated with Strepto- 
myces strains 93, GS6-I7 or GS43-11 and S, meliloti 
USDA105F21 as in Section 2.2 (40 plants per treat- 
ment), were sprayed until run-off with a fresh spore 
suspension off! medicaginis strain 866 at I x 10*^ 
spores/ml in sterile distilled water with 0.01% 
Tween-20. Plants were maintained in 100% relative 
humidity in daikness for 48 h then returned to the 
growth chamber. Defoliation of the primary stem of 
each plant was evaluated 7 days after inoculation. 

2.6. Modulation assay 

Seeds of the alfalfa variety Agate were surface 
sterilized and imbibed on sterile filter ;paper moist- 
ened with sterile distilled water at room temperature 
overnight. Growth containers were assembled from 
two nested 110 mm Magenta boxes (Magenta Cor- 
poration, Chicago. IL, USA). The top Magenta box 
was modified with a 0.5 cm diameter hole in the 
base fitted with a rope wick into the bottom box. 
Approximately 340 cnr^ of a sand ivermicu lite (1:1 
(v/v)) mixture was placed into the top Magenta box, 
moistened with 200 ml of a nitrogen-free nutrient 
solution (Somasegaran and Hoben, 1994), and the 
containers autoclaved for 30 min on 2 consecutive 
days. A fresh Streptomyces spore suspension (ap- 
proximately 6.8 X 10^ CFU/ml) was added to the 
planting mixture immediately before seeding to give 
approximately 1 x lO^CFU/cm*^ planting mix. In the 
first experiment, the spores were suspended in phos- 
phate buffered saline with 0.01% Tween-20, and in 
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the second experiment, the spores were suspended in 
OM broth with 0.01% Tween-20. Five imbibed seeds 
were planted in each container, approximately 0:5 cm 
deep, the planting mixture was covered with a plastic 
lid to maintain humidity, and containers "y'ere placed 
in a growth chamber with a 16h hght cycle at 21 ''C. 
After 5 days, the lids were removed and each plant 
was inoculated with approximately 1 x lO'^ CFU S. 
meliloii strain USDA 105F21 in phosphate buffered 
saline. Additional nuti ient solution was added to the 
bottom reservoirs as needed. Plants were removed 
4 weeks after planting. Fresh weight of each plant 
was measured and thie number of nodules on each 
plant counted. For each StreptomycesSinorhizobium 
combination, five containers were evaluated and each 
plant was analyzed as a subsample. Control treat- 
ments of each 5fr<ep/om>'ce.y strain alone or S, meliloti 
alone were included in each experiment. 

2.7. Statistical analyses 

The Student* s /-test was used to test for differences 
in plant biomass, nodulalion, and disease severity 
between inoculated and non-inoculated treatments. 
Percent defoliation of each plant was converted to the 
arcsin value before analysis. To determine the influ- 
ence of different strains on in vitro antibiosis, analysis 
of variance was performed using PROC GLM of 
SAS (SAS Institute, 1988). Fisher's unprotected least 
significant difference (LSD) test was used for mean 
comparisons. The Pearson correlation coefficient was 
used to evaluate the strength of the relationships be- 
tween antibiosis against P. medicaginis and S. meliloti 
by the Streptomyces strains. 

3. Results 

3.]. Colonization of alfalfa seedlings by 
Streptomyces strains 

Three Streptomyces strains, 93, GS6- I7 and GS43- 
11, colonized roots, leaves, and nodules of alfalfa 
plants in the growth chamber assay (Fig. 1). The re- 
sults from the two experiments were similar; data fiom 
one experiment are shown in Fig. 1. Streptomycete 
colonies recovered from inoculated plants had the mor- 
phology of the strain used for inoculation. Strain 93 




(C) 6 8 ^ 8 6 8 



Weeksj Post Inoculation 

Fig. 1, Colonization of alfalfa plants liy three Streptomyces strains: 
(A) mean log CFU per leaf; (B) mean log CFU per root; (C) mean 
log CFU per nodule. Each bar is the mean of five plants sampled 
at each time point with the standard deviation indicated. 

had lower initial colonization densities than strains 
GS6-17 and GS43-11 on all organs. For all strains, 
colonization of the oldest trifoliolate leaf decreased 
significantly between 3 and 6 weeks after inoculation 
and colonization density remained low at 8 weeks 
after inoculation (Fig. 1 A). The mean CFU recovered 
from individual root systems decreased over time on 
plants inoculated with strain 93 but remained con- 
stant on root systems inoculated with strains GS6-17 
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and GS42-I1 over the 8-week period (Fig. IB). Col- 
OTiization of the upper 5 cm of each root system was 
approximately 10-fold greater (CFU/g root) than the 
remaining root system at all time points for all strains 

The three Streptomyces strains were effective colo- 
nizers of alfalfa nodules. At 6 and 8 weeks after in- 
oculation the mean CFU per nodule recovered from 
plants inoculated with strains 93 and GS6-17 were 
similar (Fig. IC). From plants inoculated with .strain 
GS43-1 1, the CFU per nodule decreased significantly 
from a mean of 1300 CFU per nodule at 6 weeks to 
710 CFU per nodule at 8 weeks. There were no sig- 
nificant differences in nodule number or total nodule 
weight between 6 and 8 weeks for plants inoculated 
with strain GS43-1 1 (data not shown). 

In one experiment, Streptomyces colonies with the 
morphology of the test strains were, recovered from 
control plants indicating aerial movement of sti*ains. 
At 6 weeks after inoculation, 20 and 38 CFU were re- 
covered from the trifoliolate of two control plants, re- 
spectively. At 8 weeks after inoculation, Streptomyces 
colonies were recovered from tlie trifoliolate (8, 10, 
ajid 20 CFU per trifoliolate, respectively) and upper 
root system (1-3x10^ CFU per root system) of three 
control plants. No significant differences in shoot, root 
or nodule weight were observed between control and 
Streptomyces-mocuVdied plants. 

Scanning electron microscopy confirmed the colo- 
nization of alfalfa roots by Streptomyces. In contrast 
to non-inoculated plants (Fig. 2A), a web of strepto- 
mycete filaments was observed along the entire root 
system of Streptomyces-inocuMed plants (Fig. 2B) 
and many filaments appealed to be fojining spore 
chains (Fig. 2C). 

3.2. In vitro antibiosis 

Initial double agar layer antibiosis assays with P. 
medicaginis 866 and 5. meliloti 105F21 were con- 
ducted to test whether culture of multiple Streptomyces 
strains on an agar plate would influence the zone of 
growth inhibition by individual Streptomyces strains. 
Diameters of the zones of growth inhibition were sim- 
ilar for each specific Streptomyces-R medicaginis or 
Strepfomyces-S. meliloti combination, regardless of 
whether the Streptomyces strain was cultured alone or 
with four strains per plate (data not shown). Therefore, 




Fig. 2. Scanning electron micrographs c;f alfalfa roots inocuJatcd 
will) Streptomyces strain 93 at planting: (A) non-inocnlaied n>ot. 
Bar = 50^Lm; (B) Snvptoniycex llbmenls on inoculated root. 
Bar = 20 jxni: (C) Streptomyces spore chains on inoculated root. 
Bar:= 20MJn. 
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Table 1 

Diameters (cm) of zones of in vitro growth inhibition of three 
strains of Phoma medicaf;inis by Streptomyces strains" 



Slreptotnyces s trai n 


Phoma medicaginis 




oOO 




NY()01 


GS2-14 


1.59 a 


1.54 a 


1.83 a 


GS2-21 


1.59 a 


1.38 abc 


1,63 abed 


GS2-17 


1.59 a 


1.35 abc 


1.84 a 


93 


1.55 ab 


1.19 bed 


1.39 cd 


GS2-n 


1.54 ah 


1.51 a 


1.73 ab 


GS4-21 


1.52 ab 


1.43 ab 


1.62 abed 


GSlO-16 


1 .49 ab 


1.01 d 


0.68 e 


GS6-17 


1.45 ab . 


1.36 abc 


1.59 abed 


GS43-5 


1.35 ab 


1.47 ab 


1.7 abc 


GSS-16 


}.^^ ah 


1.28 abed 


1.43 bed 


GS8-22 


1.26 ab 


1.11 cd 


1.38 d 


GS8-1 


L20 b 


1.J5 cd 


1.32 d 


GS43-1 1 


0 c 


0 e 


0 f 


GS43-i2 


0 c 


Oe 


0 f 



" Values followed by the same letter within a column are not 
significantly different (l.SD, F < 0.05). 



antibiosis assays testing sensitivity of 3 strains of R 
medicaginis and I i strains of S. meliloti to the Strep- 
tomyces strains were carried out using 4 Streptomyces 
strains per plate. 

Growth of each R medicaginis strain was inhibited 
by 12 of the 14 Streptomyces strains tested. There were 
no significant differences (Pearson's P < 0.0001) 
among the three R medicaginis strains in their re- 
sponse to Streptomyces, although diameters of zones 
of inhibition varied among R medicaginis strains 
(Table 1). Among the Streptomyces strains inhibidng 
growth, the strains wilh the greatest inhibitor)' activity 
towards R medicaginis, based on the combined aver- 
age diameters of the zones of inhibition, were GS2-1 U 
GS2-14 and GS2-17. The strains with the least in- 
hibitory activity were GS8-1 and GvS8-22. Strain 
GS.43-1 1 and GS43-12 had no inhibitory activity. 

The zones of growth inhibition for S, meliloti 
were much smaller than those for P. medicaginis and 
fewer Streptomyces strains had inhibitory activity 
against S. meliloti strains (Table 2). Seven Strepto- 
myces strains had no inhibitory activity against any 
S. meliloti strain or had only weak inhibitory activity 
against S. meliloti USDA1005. Two strains caused 
small growth inhibition zones on several S. meliloti 
strains while six strains inhibited growth of all or 
most S. meliloti strains. Based on combined sizes of 



zones of inhibition for all 5. meliloti strains, Strep- 
tomyces strains GS2-11 and GS2-17 had the greatest 
inhibitory activity towards 5. meliloti. The 5. meliloti 
strains varied substantially in sensitivity to antibi- 
otic inhibition; the most sensitive strains, based nn 
number of inhibitory interactions, were USDA1005, 
USDA105F21. and USDA1093 and the most resistant 
stiain was USDAl 179. 

A comparison of in vitro growth inhibition of P. 
medicaginis and S. meliloti by the Streptomyces strains 
tested shows that growth of each R medicaginis strain 
and S, meliloti strain was inhibited by at least one 
Streptomyces strain (Tables 1 and 2). However, two 
Streptomyces strains (GS43-11 and GS43-12) were 
unable to inhibit the in vitro growth of any strain of 
either R medicaginLs or S. meliloti. Finally, there was 
no significant correlation among Streptomyces strains 
in growth inhibition of R medicaginis and S. meliloti 
(Pearson's R value = 0.458, P = 0.1). Although 
some Streptomyces strains inhibited growth of both 
R medicaginis and S. meliloti (GS2-11, GS2-17), 
other strains inhibited the pathogen, but had little to 
no effect on growth of the mutualistic symbiont (93, 
GS8-16). Thus, inhibition of the pathogen by a Strep- 
tomyces strain was not predictive of inhibition of the 
mutualistic symbiont. 

3,3. Effect of Streptomyces strains on leaf spot 
symptoms 

Six Streptomyces strains that had similar inhibitory 
activity against R medicaginis 866 were tested for 
their effect on leaf spot symptoms in a detached leaf 
assay. After 5-6 days of incubation in a moist cham- 
ben control leaves treated wilh only OM broth had 
a nominal amount of leaf yellowing and no tar spots 
(Table 3). Leaves treated with OM broth followed by 
R medicaginis showed a high density of leaf spots and 
approximately 50% of leaf area was yellowed. Treat- 
ment of leaves with Streptomyces strain GS6-17 prior 
to pathogen inoculation caused a significant reduction 
in disease scores in both experiments compared with 
the treatment with R medicaginis alone although dis- 
ease symptoms were still evident. The other strains 
(GS8-16, GS2-1 1, 93, GS43-5, and GS2-17), although 
as inhibitory as GS6-17 against R medicaginis strain 
866 in antibiosis assays, did not significantly reduce 
disease symptoms. 
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Table 3 



Effect of Streptomyces strains on leaf spot symptoms caused by 
Phoma nmlica^iniy^ 



Inoculum 


Mean disease score'' 




Expcrjiiiciii I 


EApcrimcnl 2 


GS8-16 


2.75 a 


2.03 abc 


R medicaginis control 


2.02 b 


2.55 ab 


GS2-11 


K91 b 


2.67 a 


93 


KH4 b 


1.69 be 


GS43-5 


1.44 be 


2.19 abc 


OS2-17 


1.31 be 


1.84 abc 


GS6-17 


0.91 cd 


1.53 c 


Contiol*^ 


0.44 d 


0.38 d 



^ Numbers followed by the same letter within a column are 
not significanUy different (LSD, P < 0.05). 

^ Values are the mean of the disease score of 12 leaves. 0 — no 
symptoms; 0.5 = 1-10 "tar spots" on each leaflet, no yellowing; 

1 = 10-15 spots on each leaflet, approximately 25% of leaf yellow, 

2 = more than 15 spots on each leaflet, approximately 50^ of 
leaf yellow; 3=75% of leaf yellow, 4 = 100% of leaf yellow. 

^ Leaves were treated only wirii oatmeal broth. 



Three Streptomyces strains were tested for their 
effect on defoliation caused by P. medicaginis us- 
ing 8-week-oId plants. The percent defoliation was 
greatest in both experiments in the non-inoculated 
control treatment (Table 4). In the first experiment, 
there was no significant effect of. Streptomyces 
inoculation on defoliation. However, inoculation 
with strains GS43-IJ and 93 at the time of plant- 
ing significantly reduced defoliation in the second 
experiment. 



Table 4 



Effect of Streptomyces inoculation on defoliation by Phoma 
medicaginis^^ 



Inoculum 


Percent defoliation 




EApciiiiicui 1 


ExpciiiuciJt 2 


Control 


57 ab 


59 a 


93 


61 a 


41 b 


GS43-n 


56 ab 


41 b 


GS6-17 


51 b 


52 a 



"Numbers followed by die same letter witliin a column are 
not significantly different (LSD, P < 0.05). 



3,4. Effect of Streptomyces strains on noduJation 

Six Streptomyces strains with a range of in vitro an- 
tibiotic activity against S. meliloti USDA105F21 were 
tested to determine their effect on nodulation and plant 
weight. In the first experiment, the planting mixture 
was inoculated with spores of the Streptomyces strains 
suspended in phosphate buffered saline. Neither the 
number of nodules per plant nor plant dry weight 
were significantly influenced by Streptomyces treat- 
ments compared to the treatment with 5, meliloti alone 
(Table 5). In the second experiment, spores were sus- 
pended in OM broth. In this experiment, the number 
of nodules per plant varied significantly among Strep- 
tomyces treatments, although no treatment resulted in 
a significant difference in nodule number from the S, 
meliloti control. Nonetheless, plant weights were re- 
duced significantly when plants were inoculated with 
GS2-n and GS2-I7 compared to inoculation with 



Table 5 

Effect of Strepiotnyces strains on nodulalion and plant dry weight" 



Inoculum 



Nodule number per plant 



Dry weight per plant (g) 





Experiment 1 


Experiment 2 


Experiment 1 


Experiment 2 


GS43-6 


18.6 a 


24.3 a 


0.42 a 


0.53 b 


GS6-17 


17.3 ab 


15.3 be 


0.39 a 


0.52 b 


GS8-16 


16.6 ab 


21.9 ab 


038 a 


0.50 b 


S. meliloti control 


16.3 ab 


20.8 abc 


0.43 a 


0.62 ab 


93 


15.5 ub 


23.6 a 


0.44 a 


0,76 a 


GS2-17 


15.0 ab 


14.7 be 


0.41 a 


0.26 c 


GS2-n 


14.5 b 


16.4 ac 


0.42 a 


0.24 c 


Control^ 


0 c 


0 d 


0.10 b 


0.10 d 



Numbers followed by the same letter within a column are not significantly different (LSD, P < 0.05). 
^ Planting mixture treated only with phosphate buffered saline (Experiment 1) or oatmeal broth (Experiment 2). 
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S. meliloti alone (Table 5). These two strains showed 
the greatest in vitro growth inhibition against 5. 
melilotL However, other strains with strong in vitio 
antibiosis activity, GS43-6 and GS6-17, did not affect 
plant weights significantly. 

4. Discussion 

Streptomycetes are typically found in soils, but they 
have shown some potential for biological control of 
foliar pathogens (Gyenis, 2000). We found that alfalfa 
leaves, roots, and nodules were colonized by Strepto- 
myces following inoculation of the planting mixture. 
Filaments as well as putative spore chains were ob- 
served along tlie entire root system of inoculated 
plants indicating active growth rather than passive 
movement of inoculum with plant growth. Relatively 
high population densities of Streptomyces occurred on 
alfalfa leaves up to 8 weeks after planting, when leaves 
had begun to senesce. Older alfalfa leaves are more 
susceptible to spring blackstem and leaf spot than 
young leaves, therefore maintaining effective popula- 
tion densities of Streptomyces as leaves age would be 
important for controlling this disease. Specific strains 
of Streptomyces have been found to effectively con- 
trol foliar pathogens of Poa pratensis (Hodges et al, 
1993) and hybrid poplar (Gyenis, 2000). Control of P. 
medicaginis with Streptomyces is attractive because 
the fungus attacks foliage, crowns, and roots of alfalfa 
plants (Leath et al., 1988) and inoculation of soil may 
be adequate to provide protection both above and be- 
low ground. Further experiments are needed to estab- 
lish the longevity of introduced Streptomyces strains 
on alfalfa leaves and in the rhizosphere under field 
conditions. All Streptomyces strains tested attained 
relatively high population densities on alfalfa nod- 
ules, including those strains with antibiosis activity in 
vitro. Apparently alfalfa plants, or the rhizosphere soil 
of the plants, provide sufficient nutrients to support 
development of relatively high population densities 
of streptomycetes without affecting plant biomass 
accumulation. Nonetheless. sUeptomycete population 
densities on plant surfaces were affected by inoculum 
concentration. Preliminary experiments showed that 
a lower inoculum concentration (5 x lO'^CFU/cm-' of 
planting mix) resulted in lower population densities on 
alfalfa leaves and roots than a higher (10^'CFU/cm-^) 



inoculum concentration. Thus, while the SEM study 
showed streptomycete growth on alfalfa root sur- 
faces, some of the CFUs recovered from plants grow- 
ing in ammended soil may arise from the original 
inoculum. 

Diffusible chemicals from Streptomyces cultures 
have been shown to trigger antibiotic production by 
pathogen-suppressive Streptomyces diastatochromo- 
genes PonSSII (Becker et al., 1997). Such interactions 
among streptomycetes may influence the antibiotic 
inhibition of pathogen strains in vitro. We tested 
whether culturing multiple Streptomyces strains in 
double agar layer antibiosis assays would affect the 
size of zones of growth inhibition against med- 
icaginis or 5. meliloti. Because the sizes of zones 
of inhibition were similar with single or multiple 
strains per plate, diffusible or volatile chemicals did 
not appear to impact in vitro antibiosis assays when 
test cultures were grown more than 20 mm apart. 
However, growth of Streptomyces strains in a closed 
atmosphere or at a closer distance to each other than 
that used here may influence the results. 

The majority of the Streptomyces strains tested 
produced compounds highly inhibitory against 
growth of all three strains of P medicaginis in vitro. 
The three strains, representing a range in geographic 
and genetic diversity within the species, responded 
differently to the panel of Streptomyces strains tested. 
This suggests that individual Streptomyces strains are 
producing distinct antifungal compounds, or different 
amounts of inhibitory compounds, and that padiogens 
vary in their sensitivity to these compounds. How- 
ever, growth inhibition in culture did not correlate 
directly with control of disease symptoms. In the 
detached leaf assay, strain GS6-17 significantly de- 
creased leaf spot symptoms caused by P. medicaginis 
on alfalfa leaves compared to the treatment with P 
medicaginis alone (Table 3). However, in a defoliation 
assay, strain GS6-17 did not significantly decrease 
disease symptoms (Table 4). Inoculation of plants 
with strain GS43-1 1, which had no antibiotic activity 
against R medicaginis, significantly decreased defoli- 
ation in one experiment. It is possible that antifungal 
compounds produced by the Streptomyces strains 
may not be produced on leaves or may not be effec- 
tive once the fungus has penetrated the leaf surface. 
Furthermore, higher streptomycete population den- 
sities may be needed to have a significant effect on 
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disease control. Additional experiments are required 
to determine the optimal population density for ef- 
fective control, to determine the competitive abilities 
of streptomycete strains against fungal pathogens and 
liiiiiiig of aiitifungal compound production on the 
leaf surface. These experiments, and others using the 
same Streptomyces strains (Schottel et al., 2001; Xiao 
et al., 2002), indicate that andbiotic assays alone have 
a limited capacity to predict whether specific strains 
will be effective biological control agents for alfalfa 
diseases. 

Overall, the Streptomyces strains had modest in- 
hibitory effects on in vitro growth of the collection of 
S. meliioti. However, several strains affected growth of 
all 5. meliioti strains to some degree. To determine if 
Streptomyces strains would affect nodulation, strains 
with different in vitro activities were allowed to col- 
onize alfalfa seedlings for 5 days before inoculating 
with 5. meliioti. Strains GS2-il and GS2-17 showed 
marked in vitro activity against S. meliioti, however 
neither strain reduced nodule number significantly in 
either experiment compared to the treatment with S. 
meliioti alone. Interestingly, both strains significantly 
reduced plant dry weight in the second experiment, 
suggesting that the number of S, meliioti per nodule 
of their metabolic activity may have been reduced, 
leading to diminished nitrogen fixation. It is also 
possible that the Streptomyces strains produced plant 
growth-inhibiting compounds. Similar experiments 
were carried out with biological control strains of 
Pseudomonas fluoresccns CHAO that inhibit in vitro 
growth of 5. meliioti due to production of pyoluteorin 
(Niemann et al., 1997). Over-production of pyolu- 
teorin did not affect nodulation, however, lack of 
plant growth promotion by the over-producing strain 
was observed. In field soil, because of the presence 
of numerous different strains of 5. meliioti and the 
variation in inhibition among S. meliioti sUrains, it is 
unlikely that inoculation with Streptomyces will sig- 
nificantly reduce either nodulation or plant dry matter 
accumulation. 

These results lend further support to the concept that 
streptomycetes have the potential to contribute signif- 
icantly to an integrated disease management system 
that includes alfalfa and other crops such as potato, 
com, and soybeans due to their ability to colonize 
plants and decrease damage from a broad range of 
pathogens. 
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Summary 

The effect of different environmental conditions on plant growth-promoting and antifungal activities 
of two different Brtcillus subtilis strains were studied. For this purpose, the bacteria isolated and 
commercialized by FZB Biotechnik GmbH Berlin were tested for their in vitro and in vivo perfor- 
mances. First, tlie strains were screened for their antagonistic abilities against phytoparhogenic fungi of 
maize and sunflowers. It was found that anrifungal activities varied according to the composition of the 
assay medium, pH and temperature value. Low iron availabiliry in the assay medium increased bacterial 
competition for this elemcJit and resulted further in a higher antifungal activity. Further, it was found 
that different nitrogen sotirccs affected differently growth and spore productioii by B. subtilis strains. 
Higher growth and spore productioii rates were observed when the bacteria were incubated in Landy 
medium or in nitrate-nitrogen rather than in ammonium-nitrogen broth. Then the efficacy of the 
bacteria to promote plant health and growth was evaluated. These studies were conducted in culture 
solution and in soil under different ecological Factors. The results suggest that these bacterial strains 
may produce substances that enhance plant growth aiid yield on maize and sunflowers. However, die 
re-sults also showed that in vitro antibiotic activity did not always correlate with disease reduction on 
maize in greenhouse and field trials. Only in the case of the biological control of Sclerotinia sderotiomm 
on sunflowers in field trials, a satisfying effectiveness was achieved. The results are discussed with regard 
to the general effect of plant growth and health-promoting substances produced by Bacillus subtilis. 

Key words: Bacillus subtilis; Pusarium oxysporum; Sclerotinia sclerotiorum; biological control; plant 
growth promotion; nitrogen; maize; sunflowers 



Zusammenfassung 

An zwei verschicdenen Bacillus subtilis Stammtn wurde dcr Efl'ekt unrci^cliiedlicher Umweltbedingungen 
auf die pflanzenwachstunisfordernde und antifungale Aktivitiit untcrsucht. Die beiden von der FZB 
Biotechnik GmbH Berlin isolierten und kommerzialisierten vStamme wiirdcn dazu auf ihre in vitro und 
in vivo Leistungen gepriift. Zuerst wurdcn die Stammc auf ihre antagonistisclicn Faliigkeiten gegen- 
iiber pflanzenpathogenen Pilzen bei Mais und Sonnenblumen getestet. F.s wurde festgestellt, davss die 
antifungalen Aktivitiitcn variieren in Abhiingigkeir von der Zusammensetzung des Tcstniediums, des 
pH-Wertes und der Temperatur. (jeringe Verfiigbarkeit von Eisen im Testmcdium verbessert die 
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Konkurrenzfahigkcit Her Rnkrcrien und fiihrt zu hohcrer antifungaler Aktivitat. AuRcrtlein wiirdc 
beobachtet, dass verschicdcnc StickstofTquellen das Wachstum und die Sporulation der B, subtHis 
StujTiiue untcrschiedlich bceinflussen. So warden verbcsscrte Wachsrums- und Sporulatiomrateii er- 
zielt, wenn die Bakrcrien in Lnndy-Mediuni oder in Niihrlosungcn mir NitratstickstotF inkubiert 
vvurilcn ini VcrgiCii-M txx iNanriObiirigeu nui juiiiiiuiii.iiJit:>LiwrL.^Lwii t.iiti)it.ii.v.ij. vyuh.iv 
die Wirksanikeit der Bakrcrien zur Forderung dcs Pflanzenwachstums und der Pflanzengcsundheir 
bewertct. Dicse UnrersucHungen wurden in Kulrurlosungcn sowie im Boden bei unterschiedlichcn 
cikologischen Bcdingungen durchgefuhrt. Die Ergebnissc zeigten, dass von den Baktcrienstammen 
Substanzen produzien werden> die das Pflanzcnwachsrum fordern und den Ertrag eihohen. Aber die 
Ergcbnisse zeigten auch, dass die anribiocische Akdvirar in vim nicht inimer mir der BeJcampfungs- 
wirkung bci pilzlichen Kranklieiten an Mais in vivo korrelierte. Nur im Frciland zur biologischen 
KonrroHc von Sclerotinia sclerotiomm bci Sonnenblumen wurde eiiie gute Wirksamkeir crrcichr. Die 
Ergebnissc werdcn aus Sicht ciner oiFcnsichdjch generellcn Wirkung pflanzcnwnclismmsforderndcr 
und gesundhcitsfordernder Substanzen von ihcillus suhtilis diskntkxt. 

Stichworter: Bacillus subti lis; Fusarium oxysporum; Sclerotinia sclerotiomm; biojogische Bekampfung; 
Pflanzcnwachstumsfbrdeiung; StickstofF; Mais; Sonnenblumen 



1 Introduction 

Biological control of soil-borne plant diseases and plant growth promotion by an application of specific 
micro-organisms to seeds or planting material has been studied extensively over the last years on 
different crops (Weller and Thomashow 1993; Koch 1996; Buchenaxjer 1 998; Kilian er al. 2000; 
BoCHOW et ai. 2001). Among these rhizobacteria, cerrain strains of Bacillus subiilis have been shown to 
suppress various plant diseases caused by soil-bornc pathogens (Turner and Backman 1 986; M ahaffkh 
and Backman 1993; Backman 1995; Kim et al. 1997; Kilian et al. 1997; Schmiedeknec:ht et al. 
1998; Sthiner 1998). Currently, tliere is increasing interest in the introduction of bacterial bioc{>ritrol 
agents for managing soil-bornc pathogens, partly as a response to public concerns about non-target 
effects of synthetic fungicides, but also because of a lack of effective control for soil-borne pathogens 
(Cook 1993). On the other hand, the complexity of the soil ecosystcni makes biological control by 
introduced bacteria particularly challenging (Weller 1988). Under field conditions, however, most 
biological agents, including Bacillus spp., are too variable in their performance to be used successfully as 
a common practice in agriculture and horticulture. Many factors contribute to the inconsistent 
performance of seed-applied bacteria given the complex intcracrions among host, padiogcn, biological 
agent, and the environment (Pierson and Wellkr 1994; Raaijmaker et al. 1995). Major factors 
include the variability in root colonization by introduced bacteria and the expression of the genes 
involved in disease suppression and plant growth promotion (Weller and Thomashow 1994). Thus, 
population sizes vary from root to root, and some roots may be compJctely unprotected (Zimmer et al. 
1998). BuLtetal. (1991) reported that an inverse relationship between the population ^\7£.of Pscudomomis 
fluorcsccns strain 2-79 on wheat roots and the number of take-all lesions indicates that incomplete 
colonization can reduce the potential for biological control by introduced bacteria. Another important 
factor that can contribute to inconsistent performance is variable production or in situ inactivation of 
bacterial metabolites responsible for disease control and plant growth promorion (Weller and 
Thomashow 1993). Normally, production of these metabolites in vitro depends only on cultural 
conditions. But in situ production is likely to be even more sensitive to the physical and chemical 
environment in soil and in the rhizosphcre. Understanding the factors, whicJi influence the perfor- 
mance of biocontroi of soil-borne plant pathogens is a great deal to the eventual improvement and a 
wide use of biocontroi methods. Several works put in a prominent position the ability of micro- and 
macro-elements to manage soil-bornc diseases. Therefore, nitrogen has been intensively studied in 
relation to host nutririon and disease severity because of its requirement for plant growth (Henis and 
Chet 1968; HuBER and Watson 1974; Smiley 1978; Barna et al. 1983; WirrHRiCH et al. 1991; 
OwNlEY et al. 1992; Engelkes et al. 1997). Ownley et al. (1990 reported that soil factors, c. g., 
amjnonium nitrogen, sulfate sulfur, zinc, etc., were directly correlated with the biocontroi acdvity of 
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Pseudornonas Jluoresccns agaiast take-all disease. Disease reduction is most often arrributcd to the 
improved nutrition that stimulates host defenses or to direct inhibition of pathogen growth, survival, 
germination and virulence (Duffy and Di^pago 1997). Hov/ever, nitrogen sources and levels may 
activate indigenous population of micro-organisms which improve plant growth, bur antagonistic to 
pathogens. Wliile effects of temperature, pH value, organic matter content, and organic amendments 
on biocontrol agents have been reported, the influence of mineral amendments such as nirrogen for 
optimizing bioconcrol has received little attention (Duffy and D^faco 1997)- It was the aim of this 
study to exaiuine the effects of different nitrogen sources and rates on biocontrol activity of Bncillus 
subtilis strains, influenced by other ecological factors, on maize and sunflowers against different soil- 
borne diseases. Ail understanding of these effectii would allow for more appropriate formulation and 
improved use rcconiniendarions for Bacillus subtilis and coidd lead to more consistent field perfor- 
mance with this beneficial micro-organism. 



2 Material and methods 

2.1 Culture solution studies 

Maize seeds (Zca mays L) cv. 'Felix were surface-sterilized for 30 min in 3 % NaCIO, washed in sterile 
distilled water and placed on Standard Nutrient Agar 1 (SNA, Merck) for 3 days at 27 °C. After 3 days, 
aseptic seedlings were transferred to sterile tubes (1!) x 30 mm) containing about 19 ml of nutrient 
solution with the following composition: 3-5 g/1 of KNO3; 1..5 g/1 of NaNOj; 3.5 g/1 of Na2HP04; 
5.23 g/l of KHVPO4; 0.5 g/1 of KCl; 0.75 g/1 of MgSO^VH^O; 0.02 g/1 of Fe - chelate; 0.001 g/1 of 
Na,Mo04*2H,0; 0.002 g/1 of CuS04*5H,0; 0.018 g/l of MnSO^^HA 0.002 g/l of ZnS04VH20 
and 0.023 g/1 of Na2B40-j. Sodium borate and iron chelate were sterile filtered and added to the 
solution after auroclaving (Kkoffczyk ei al. 1984). Tubes were covered with aluminium foil in order 
to iwoid exposure of the roots to light. The seedlings were supported just above the solution by a 
Nescofilm screen. Trials were treated with a 1 -day-old nmmoniuni or nitrate fermentation broth in the 
form of cell-free filtrates or aqueous suspension of Bacillus subtilis cells containing about I x 1 0^ cfu/ml. 
Three days later, the test system was inoculated with O.J ml of Fusari urn oxysporuin spore suspension 
containing about 1.1 x lO** cfu/ml. The pathogen was preliminary grown on potato dextrose agar 
(PDA, Merck) in the dark at 27 °C for 14 days, and then spores were washed from agar surface with 
sterile distilled water. Water losses during the growing period were compensated for with sterile 
distilled water. For trials where water consumption was more pronounced, nutrient solution was given 
up to the level (water) where its consumption was less. The plants were grown under growth chamber 
conditions at 1 6-h light and temperatures of 30 on the day and 20 in the night for 14 days. Five 
replicates of each treatment were arranged in completely randomized design. At the end of the 
experiment, the numbers of cfii, disease index and plant vitality were recorded. The study was repeated 
at different periods three rimes. 

In order to establish a link between in vivo and in vitro activities of the different Bacillus subtilis 
strains, 10 ml of PDA or maJt extract agar (MliA, Merck) mixed with 1 ml aqueous suspension of 
B. subtilis cells, cell-free culture filtrates, or with fermentation broth plus bacterial cells were plated on 
Petri dishes. Alter the media were solidified set, 5 ml of agar (Merck) were spotted on it. The dishes 
were then incubated in the dark at 27 °C for 3 *iays. After that time, 10 ml of PDA or MEA were again 
plated and seeded with an 8 mm plug of Fusari um oxysportim, Sclerotinia sclerotiomm or Rijizoctonia 
solani from l4-dny-old cultures. After 7 days of inaibarion under different environment conditions, 
fiingal growth was recorded. 

2.2 In vivo activity of Bacillus subtilis strains in soil 

Trials were conducted either in a growth chamber or in a greenhouse. Surface-sterilized maize seeds 
were sown in a 13-cm diameter plastic pot (two seeds/pot) containing a mixture of field soil and 
commercial soil (1 : 1 v/v). 350 g per pot. Field soil was obtained from Blumberg (fiumboldt- 
University, Agricultural Experimental Station, Brandenburg, Germany). Soil was treated with water- 
dispersible formulation of Bacillus subtilis strains at 3 x 10^ cfu/ml (B, subtilis FZB24 or FZB37 
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produced by FZB Biotcchnik GmbH, Berlin, Cerimiiy). After 5 days, half of the pots were inoculated 
additionally with spore suspension of Fusarium oxysporum containing about 5x10^ cfii/ml (see above). 
The other pots were not inoculated, but the natural soil inoculum potentiai oiF. oxysporum was iiscd. 
Each pot was amended with 230 mg/100 g soil of KNO;^ and Hoaglands nutrient. The composition of 
niirrirnr solution is as follows: 23 d\ of KNO,; 1 g/i of K:H,P04; 0.5 g/l of KCl; 075 g/1 of 
MgSO^ VH.O; 1 g/l of H3BO4; 0.2 g/| of ZnS0/7H,b; 0.2 g/l of Co{N03)/6H,O; 1 g/I of EDTA; 
1.5 g/l of MnS04*H20; 0.2 g/l of CuSO^^SHsO nnd Na.MoO^. Six replicates per treatment were 
arranged in a completely randomized design. The study wa.s repeated to prove statistically the obtained 
results. Trials were conduaed either in a greenhouse or in a growth cJhambcr. Four weeks after sowing, 
plant height, shoot and root fresh weight and relative disease levels were assessed. 

2.3 Field evaluation of Bacillus subtlils on maize and sunflowers 

Field trials on maize and sunflowers to evahiate efFicacy of strain Bacillus subtHis FZB24 were con- 
ducted from 1995-1 998 at the Humboldr-University» Agricultural Experimental Station in BUimberg, 
1'he experimental design was a randomized complete block wirh four replications. The experiments 
were carried out on a Pleistocene loamy-sand soil. This soil was low in nitrogen, potassium, phospho^ 
rus, and organic matter with a pH of 5. 1 to 5.9. Each plot consisted of eight rows, Ciich 1 5 m long, with 
75 cm row-spacing. Maize cv. 'Elita' and sunflowers c\\ TrankasoF were used. The biological treat- 
ment consisted of a water-dispersible granule formulation (maize stai-ch as carrier) from strain Bacillus 
subtilis FZB24 (1 x 10^' cfu/g). Further, a chemical treatment with a fungicide (thiram) (commercial 
coated seeds) and an untreated control were used for comparison. The applications of Bacillus subtilis 
were carried out before planting as a dipping treatment (1x10'^ cfu/nil). Normal cultivation practices 
for maize and sunflowers were used including chemical weed control. During and at the end ol the 
growing season, the disease incidence and the plant growth parameters were recorded. After disease 
evaluation, die maize plants of each plot were harvested and the yields were determined. 



3 Results 

3.1 in vitro and /n vivo blocontrol activity of Bacillus subtilis strains in culture solution 

Previously, we studied the ability of Bacillus suhtilis strains to inhibit fungal growth in vitro. First, 
Bacillus subtilis isolates were screened for antagonistic activity against phytopathogenic fungi of nnaize 
and sunflowers (Tab. 1). In in vitro place assays, mycelial growth of these fungi was strongly restricted 
by the two tested strains of Bacillus suhtilis (FZB24 and FZB37). The strain B. subtilis FZB24 produced 
larger inhibition zone and therefore was used in field investigations. Furthermore, the in vitro plate 
assays indicated that the size of inhibition depended on the media, the pH-value and the temperature. 
The antagonistic activity of the bacteria increased when the temperature was increased, especially 
against Sclerotiwa sclerotioruin and Rhizoctonia solatii. On the other hand, against Fusarium oxysporum, 
this temperature effect could not be proved. The highest activity of the bacteria was recorded when the 



Table 1. hi vitro inhibition effects of culture filtrates (1 ml) or cell spore su.ipensions of Bacillxts suhtilis i-solates 
on fungal growth 

Tab. 1. In vitro l lcmmwirkungen von Kuliurfiltraren und Sporcnstispen.*;ionen von B. subtilis ;uiF das Pilz- 
wachstum 



Application of culture filtrates Application of spores suspensions 
(Average fungal growth %) (Average fungal growth %) 



CheclJ'* 100.0 100,0 

h'us/trium axyspomm 78,9 34 .4 

Sclerotim/3 schrotiorum 61,1 33,4 



* Without some BariUm mhttlh tFi:j intents. 
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media was wealdy acid (pH 5.7). In neutral and weakly alkaline media, the different Bacillus subtilis 
strains have shown activity only ngainst Sclerotinia sclerotiorum. The supplementation of Fe^ ' ions to 
the assay medium led to a varintion in antagonistic activities of Bacilhis subtilis strains. Thus, a 
significant increase in antifungal activities of Bacillus subtilis FZB24 ajid FZB37 was observed when the 
concentration of iron in the medium was increased by 0.5 mg/I. However, further increases in iron 
concentration resulted in a decrease of bacterial activity. 

The aims of the further in vivo studies were to compare the biocontrol and plant growth promotion 
abilities of two intereiiting Bacillus subtilis strains from in vivo resting under standard conditions, and 
also to investigate the effects of ammonium and nitrate nitrogen on those activities. According to the 
strains B. subtilis tZB24 and FZB37 used and the origin of the cell's fermentation media, n variable 
biocontrol activit)'' was observed (Fig. I). 

Results from these in vii'O tube tests indicated that strain Bacillus subtilis FZB24 developed better 
activities against Fusarium oxysporum when grown in nitrate broth. The average disease reduction of 
this tested strain amounted significantly to 88,4 % compared to results obtained when the cells were 
incubated in ammonium broth (30,2 %). On the other hand, the strain B. subtilis FZB37 showed 
relatively better performance against Fusarium oxyspomm when grown in ammonium broth, but no 
effects in nitrate broth. Generally, biocontrol activity of the two strains FZB24 and FZB37 was 
identical when the strains were preliminary grown in ammonium (30,2 %). Furthermore, these results 
indicated that globally disease severity was more reduced when maize plants were treated with Bacillus 
subtilis FZB24 than with FZB37. 

In prolonged observation, plant growth promotion was also detected and this depended on the 
bacterial strain and the nitrogen source used to incubarc the bacteria. The studied maize plants showed 
better growth parameters in the test rubes when treated with B. subtilis isohtt FZB24 cells incubated in 
nitrate broth, than when incubated in.ammonium broth (Tab. 2). For instance, after inocuJaiion with 



Relative disease severity [%] 




Nontreated 8. subtilis FZB24 B. subtilis FZB37 



Fig. 1 . Biocoturol activity of different Bacillus subtilis ^xt^m^ after special prcciiltivation against Fusarium oxysporum 
on maize in culture solution in growth chamber test tubes trials 1998. 

Abb. 1. Aiuagonistische Wirkungcn verschicdcner B. sub/ilis-Sta^^^mc naeh unttrschiedlichcr Vorkultivierung 
gcgeniiber 7\ oxysporum an Mai*- in Kulturlosung im PHiinzenwuchsiicKnink 1998. 
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Use oi' Bacii/us subtiiis AS l)ioconirol a^^ent. V. Biological control o fdiiieascs ^ 503 



Table 2. Plant growth pronimion effects of diffeieiii Bacillus suhtilis strains after special prea.ltivation in 
culture M>liulon and Fumrium oxysporum inoculation on maize in growth chamber test tubes trials 

Tab 2 Wirkungen verschicdener B, suhtilis~Szi^^n^<: Auf das Ptlanzenwachstum von Mais nach inucrschiedli- 
ther Vorkulrivicrung und Inokulaiion mit F. oxyspomm in Kuhurlosung im Pflan/enwuchischnink 
1998 



Nitrate*^* 



Ammonium"^ 



Shoot Fresh 
wtriglii (g) 



Check<-> 

BsuhtilisVZmA 
B. suhtilis F/B37 



2,05 
2.50 
230 
n.s. 



Root iVe^h 
weight (g) 

1.25 a 
1.90 b 
K40a 



Shoot fresh 
weight (g) 

2,05 
2.10 
2,10 
n.s 



Root fresh 
weight (g) 



1.25 a 
1,40 ac 
1 .60 be 



O.llv wtrc preliminary iuuihjted in ammonium nr nil rate broth for 2i h. 
\Vi I houi some BuciUta JubfiOi trcarmcm . 
V«Iucs wiih tliffcrnu Ictrcis ar< 5iaiistit-:>lly Ognificam .iii-.>r.lirn; to Dunan\ Multipie RaJigc 1 «i (p < W). 



F oxysporum. a signific;»nr increase of average root fresh weight by 52 % was obtained when plants ui 
the test tubes were treated witii nitrate fermentation broth of B. suhtilis FZB24. Otherwise, root growth 
was increased significantly (about 28 %) when treated with cells of Bacillus mkilis FZB37 incubated 1x1 
ammonium broth. Generally, the rest tube trials showed that strain B. suhtih FZB37 exhibited 
superior effects on plant growth promotion on maize when grown in ammonium broth than stram 
5. suhtilis FZB24. 

3.2 In vivo activity of Bacillus subtilis strains under grovuth chamber conditions 

(^rowtii chamber experiments in a mixed soil (commercial and field soils 1 : 1 v/v) showed a similar 
biocontrol activity by the two Bacillus strains wheji a dried spore formulation was used for soil 
treatment in comparison to the in vivo cube tests. So, the disease incidence ot Fusarium oxysporum was 
reduced slgnificandy up to 50 % after apphcation of Bacillus suhtilis FZB24 or FZH37 m comparison 
to the untreated control. Under these standardized conditions, plant growth parameters were pro- 
moted by the two bacterial strains, plant height and shoot and root fresh weight were significandy 
increased (Tab. 3). Differences were also detected in ability of different bacteria to promote plant 
growth. However, B. subtilis FZR37 exhibited better plant growth paramercrs. So, soil treatment with 
this strain caused more than 100 % shoot fresh weight and more thari 180 % root fresh weigiu m 
comparison to the untreated control. On the other hand, plant height of maize was better promorcd 
(41 %) when soil was treated with B, subtilis FZB24 than with FZB37 (25 %). Generally, in growth 
chamber trials in natural soil, the bacterized maize plants grew taller, shoots and leaves appeared 
greener and more vigorous than untreated plants. 



Table 3. Plant growth promotion effects on mai/c hy different Bacillus suhtilis strains under natural infection 

conditions of soil in growth chamber trials 1998 
Tab. 3. Wiikungen verschiedener B, subtiiis'Sammc auf das IMlan/enwachstum von Mais bei n:uurlichem 

Infektionsdruck dcs Hodcns im Pflan/enwuchsschrank 1998 

Plant height (mm) Shoot fresh weight (g) Root fresh weight (g) 



Untreated Control 369 a 3.9 a a 

B.sukilis¥'/m4 521b 7,2 h 2,8 b 

B,sufHiiis ¥ZB37 462 b 8,1b 37 b 



Vi.lu.'x with ditTercni Icm-rs arc scatiscically >it;nificmii accorilinj; 10 Ounau's Multipir Range Test (p <0,{)^}. 
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3.3 In vivo activity of Bacillus subtilis strains in greenhouse 

Tlie effectiveness of two tested strains of Bacllltts suhtilis was also demonstrared in three grcetihousc 
trials, 'i'hejie investigarions» carried out on maize, showed a variable disease reduction according to the 
studied bacteria isolate and the pathogen inocukuT*. However, the biocontrol activity of B. subtilis 
lauiitLc 1 ii^ui-t 111 ii:iuuui iiiitiicu *uii wa.s low. v./n fjic otiicr uanu» tne ojoiogicai treatment was 
significantly superior to untreated control when the soil was additionally inoculated with the pathogen 
Fmarium oxyspontm (Fig. 2). fn this case, the average disease severity was reduced up to 85 %. In 
contrast, treatment with the isolate B, subtilis FZB37 was conipletciy ineffective in naturally infested 
5;oil. Still more, the average disease severity was increased by 23 % in comparison to the unt reared trials. 
Nevertheless, iiioconrrol activities of strain FZB37 were observed exclusively in an artificially infested 
soil The average disease seventy decreased by 65 % in comparison to the imtrcated control but Jess 
when plants or soil were treated with B, subtilis FZB24. 

Furthermore, our greenhouse trials demonstrated that special cultivation mediods of Bacillus suhtilis 
strains exhibit difl'erent effects on plant biojiiass development. However, Table 4 shows that Bacillus 
suhtilis FZB24 increased plant growth parameters by all the three tested states but jnore significantly when 
nitrate fermentation broth or the commercial formulations were used for soil treatment. In that case, plant 
height was increased inore than 25 % and 1 5 %, respectively, concerning the shoot- or root firesh weight, 
(t was increased only between 2 % and 8 %. At the opposite, despite an ineffective plant height promotion 
and decreased root fresh weight, soil treatment with ammonium fermentation broth considerably 
increased shoot fresh weight. The same observation was made in die case of Bacillus suhtilis FZB37. 

3.4 Field evaluation of Bacillus subtilis 

Results from field experiments at the Blumberg site from 1995-1998 on sunflowers showed that the 
strain Bacillus subtilis FZB24 significantly decreased the occurrence of Scteroiima scltrotiurum com- 




Natural infested soil Artificial infested soil 



Fig. 2. Bioco»»rrol ;K:riviiy of different Bacillus suhtilis strains against Fusarium oxysporum un mai/e at different 
infeciion preiisure in greenhoase trials, 1998 (n = 3 trials). 

Abb. 2. Anragonistische Wirkungen verschicdcner B. j«^rr7/>-Sfamme bei unrcrschiedlichcm Infektionsdruck 
gegenitber F. oxysporum bci Mais iin Cn;waclishaiis 1998 (n = 3 Versuclu:). 
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Table 4. Pl.nc gromh promotion effects on maize of difTcrcnr BaciUia suMis s.v^n. after special precultivauon 
in Kteeniiouse trials 1998 (n = 3 trials) w , f t • PtUnT^.. 

Tak 4. WWkaagen vcrschiedcncr B. i/v^r/V/r-Stamme nach unterschicdl.cher Vorkult.v.crungaufdas PHanzen- 
wachsium von Mais im Gewiiclishaus (n = 3 Versuchc) 



Barillua subtUis }^ZB37 



Plant height Shoot frcsli 
(mm) weit^ht (g) 



Check 
Nitratct^^ 
Ammonium^' ^ 



467 a 
58^ih 
480 ac 
54Sbc 



14,0 a 
15,0 a 
18,3 b 
15,2a 



Root fresh 
weight (g) 

4,4 
4.8 
3,8 
4,5 
U.S. 



Plant height 
(mm) 



467 ac 
5!0bc 
408 a 
546 b 



Shoot fresh 
weight (g) 

14,0 a 
15,5 a 

18.7 b 

13.8 3 



Root fresh 
weight (g) 



4.4 
4,0 
4.3 
3,7 



• V c:...wc..»... -V d in amrnunium or nitrate bioih for 24 l! 

l-ii Commrrclal (CNOytormubiion (H7.h Riotcchnik L.-Riljli Dcriin) whs used. 



Cells wtTC piJiininary inrulwted i 

I lCN03-t<iniiuliiion iVrvs wtotccnniK v.. 
Vilufs with ditTcrcnr Irricis arc suirisiicilly signifuwuc utrcofdine ti> Duncan 



's Mitliiiile Range TcM (p < 0.05). 



pared to rhe untreared control. Over rhc 4-ycar period, relative average d-^^case severity of grown^^^ 
sunflower plants was declined by bactcriz.tion with this strain by 62.0 % (ranging ^-"^83-^.6^ /0^ 
The bacterial treatment ..howed .similar control effects compared to chem.ca compound th.ram which 
caus d a relative reduction ranging from 62.3-72.4 %. Both the bio ogical and ch.«K:^ «carmc„, 
were sionif^cantly more eftective compared to the untreated control, but no significant d.ficrcnces 
r^dVc detected among themselves. Contrary to the results obtained on J-f'/-^ "^J^^^^^^ 
from 1997-1998 on maize indicated that thereare no direct eilect.s of strain S-7n///^..««*n/'^FZB24 on 
Che occ^^rrence of soil-borne pathogens. However, indirect effects could be fouad So, the germmation 
If n"S .seeds wxs superior to untreated control (Tab. 5). The .same cflccts of sprouting were also 
detected on sunflowers (Fig- 3). Generally, under field conditions, the bacterized maize 
seeds germinated better and seedlings and plants grew also more vigorously thar, untreated ones. For 
example, the sunflowers had a larger b;«ket diameter, a stronger and longer stalk On ma.xe over the 
2 wriod. both biological and chemical treatments showed incre.-iscs of yields (dty weight) tanging 
between 17 % (thiram) and 1 6 % (B. subtilis) compared to the untreated control. But these plant 
growth promotion effects, however, were not statistically significant. 



4 Discussion 

Biological control of soil-borne plant pathogen.s and plant growth promotion by "^i.^^";-";©; 
gained widespread acceptance as a potential tool in optimizing agriculturn productivity. Understand- 
ing the potential use of an antagonist for biological control of a disease depends on the a^s^ver. to a 



Table S Influence of bacterial and chemical tratn.ents on plant erowtl, of maize in field "'^'l^' '97- 1 W« 
T.b 5; Einnuss chemischcr und biologi^chcr BehandhmBcn aut cl.^s Pflan.enwachstum bei Ma.s Wciland- 



veisuchc 1.997-1998 



Seed genninalioi. Fresh weight (dt/ha) Dry weight (dt/ha) tlom yield (dt/ha) 

(plants/m-) 



Untreuied convrul 10,30 
Chemical control 1 l'3l 

B. suhtilis FZB24 



28K0 112,6 48.8 

317,4 131.8 59,8 

n;24 295.2 130.9 59,0 

U.S. "-S. 



n.s. 



V.lurs ^vith tlitTer.n. letter. «r. .s.-ilstically .Mpiincu according lo Unnm-.V Mulripic R.ngc Test (p i 0,0S). 
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Relative disease severity /growth promotion [%] 



Nontreated 



Chemicals 



0 Seed germination ^ 
H Growth promotion 
ffl Disease sev erity j 




B. subtilis FZB24 



Fig. 3. Inlluence of bacterial and chcnuc^I treatments on the reduction oi'Sclfroiima scUminnim as well as on plain 
growth of sunflowers in field trials 

Abb. 3. Einfluss chcmischer iind biologischer Bchandliingen auf den Befall mit S. sdcrotiorum sowie auf d:is 
Pflanzenwaclistum von Sonnenblumcn, Hrcilandversuche 1995-1998. 



series of quesrious regarding the interactions of rhe host (crop), pathogen^ and rhe antagonist. Many 
micro-organisms arc laiown to be producers of antibiotics or toxic metabolites that could inhibit 
stronuly fljngal growth in vitro. Bur antibiotic production on artificial media in vit)v alone cannot 
provide sufPicicm proof of the involvement of antibiotics in biocontroJ activity in vivo. Antibiotic 
production and activity by biocontrol strains was often demonstrated in vitro, however, and there is 
therefore no direct c\'idencc tJiat the same antibiotics are produced and responsible for disease control 
when biocontrol agents are applied to plant tis.sues or in plant rhizosphere (Lkifert et al. 1 995). On the 
other hand, antibiotic production may confer on micro-organism a selective advantage in competition 
for nutrients and .spaces within tiicir ecological niches. Consequejitly. the selection pressures in nature 
may promote populations of antibiotic producers, even though better survival opportunity exist in the 
environment of these organisms (Ruchenauer 1998). However, maiiy pathogenic fimgi arc sensitive 
to Hncillus subtilis cell suspension or its culture filtrates. Besides, many Baci/Iixs strains are also known 
to suppress fungal growth in vitro by rhe production of one or more antifimgal antibiotics, which were 
identified as peptide antibiotics (Krkbs et al. 1998). Some of the,se antibiotic-producing strains were 
also shown to suppress fungal plant diseases in vivo (Fravel 1 988; Bochow 1992). I'his fungal growth 
suppression by special strains of Bacillus appears as a complex of competition, parasitism, root coloni- 
zation, and antibiosis. Hov/cver, these strains produce irrespective of peptide antibiotics □ range of 
other metabolites including biosurfactants. chitinase or other fungal cell wall -degrading en/ymes, 
volatilcs ajid compounds that elicit plant resistance mechanisms (KehuiNBKck ct al. 1 992; Fiddaman 
and RossALL 1994; Leihi-ert ct al. 1 995; Dolej 1 998). Al] these metabolites have also been implicated 
in biocontrol. Furthermore, Bacillus showed sufficient abilities to colonize roots of a wide range of 
culture plants (Liu and SiNCLAtR 1992; Mahafpee and Backman 1993). Our results presented here 
suggest that bactcrization of maize and sunflowers with Bad litis subtilis iioi only provides suppression 
of the pathogens, but also enhances crop growtli and yield. On the one hand, this suggestion is 
supported by growth chamber and greenhouse data for significant reductions ofFusarium oxyspot^m in 
bacterized maize plants (Fig. 2) and by data of field evaluation for significant reduction of Sclerotinia 
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sclerotiorum in bacrcrized sunflower crops (Fig. 3). Biologioil control measures which employ Bacillus 
svhtUh like rhosc characterized and used in this study have been successful against important diseases 
caused by soil-borne fungi such as Ftisnrium, Gaeumannomyces, Pythiunh Rhizoctoriia, Sderotlnia, and 
others (Broaobent et al. 1 971 ; Merriman et al. 1974; Wellhr 1988; Backman 1995: Boch(W ct al. 

"7., -I .,1 1007. <.r-itxMTT'r^T7\r*.^xir-vj-T A 1007 1 t)0^^^ C\r\ tUf* f\t\r\t*r \ir>r\i\^ 

i /."/U, ijn/\lN\j .11. J IVXIVI l-L ttl. . 1 y / » »JVil AWil*-A-'AJ*Vi>«iiV-ll < X-t. <t«. k i.^yv/. I 

data presented here on enhancement of growth and yield of maize and simflower plants treated with 
Biuillus suhiilis reveal that these different %XY2i:\m have the potential to cause enhanced growth and yield 
of these crops for example by production of phytohormonally active metabolites (Dolrj 1 998; BocHOW 
et al. 2001). Bacterizcd plants grew more vigorously and appeared greener than did those in noa- 
bacrerized greenhouse pots or field plots. At harvest, the bacterized maize plants were taller than the 
non-bacterizcd plants (Tables 3 and 4). Though a 5 % increase in fresh weight in bacterized crops is 
non-significant, perhaps much higher yields can be obtained with more efficient strains of Bacillus 
subtilis or more effective bactcrization procedures. 

Further, die current study demonstrates, in general, antagonism in in vitro plate assays or in solid 
culture media is not enough to qualify a rhizobactcrium like Bacillus as potential agent for effective 
biocontrol. for distinct plant growth promotion or sufficient root colonization. Thus, despite the fact 
that the strain Bacillus stibtilis FZB37 exhibited no effective evidence of antifungal activity by its 
culture filtrates in in vitro plate assays against Fusarium oxysporum. Nevertheless, plant or soil treat- 
ment with this strain induced excellent plant growth promotion also in presence of the pathogen, and 
this as well as the strain B, sui/tilis ¥ZB24 that produced better antagonistic and antihmgal (antibiotic) 
in vitro activity. Similar results with strain B, suhtilis FZB37 were also achieved with potatoes (Schmiede- 
KNECHT et al. 1996). It appears hmhcr remarkable that plant growth promotion rates were in strong 
relationship on the bacteria cell states, i. e., the origin or the nature of the inciibation broth. As a 
matter of fact, under greenhouse conditions, seedlings treated with bacterial fermentation broth from 
ammonium produced significantly more shoot fresh weight than those treated with nitrate fermenta- 
tion broth or with the commercial KN03'formulation produced by FZB Biotechnik GmbH Berlin. 
Our findings let presume that, on the one hand, ammonium influenced the capability of Bacillus 
suhtilis to enhance fresh weight of plants. On the other hand, nitrate affected the capability of Bacillus 
suhtilis to promote plant height and biocontrol activity against Fusarium oxyspormn. Both nitrate and 
ammoniiun seems to promote the activity of the tested Bacillus suhtilis strains, because most of the 
bacterial cells are in an active stage, i. e., ready for root colonization. However, the data surest that it 
may be possible to enhance the level of biocontrol or plant growth promotion through manipulation 
of nitrogen sources present during production of die bacteria. Concerning the effects of nitrogen in 
biocontrol, Hhnis and Ciiet (1968) pointed out the relationship between the decrease in germination 
of sclerotia of Sclcrotium rolfsii incubated in soil amended with nitrogenous substances and the increase 
in number of micro-org-anisms associated with these sclerotia. The suggestion was that the efficiency ol 
nitrogenous amendments could result in the production of antibiotics or toxic metabolites, which 
decrease fungal growth. Therefore, these amendments affect sclerotial gerniinability indirectly by 
incrciising bacterial antagonistic activity. Engelkes et al. (1997) reported that the role of nutrient 
source can be critical to success of a biocontrol agent, and must be evaluated to ensure reasonable 
efficacy. Thus, the benefits of different bacterial fermentation or formulation tecliniques arc illustrat- 
ing the importance of ecological influences for the capability of bacteria to colonize plant roots and to 
promote activities of micro-organisms (Xi et al. 1996; Ownlev and Clark 1998). However, the 
success of biocontrol may be greatly affected by different formulations and the formulation can also 
influence shelf life and survival of the biocontrol agents. It seems evident that in vitro fujigal suppres- 
sion may confer the susceptibility of bacteria for competition, roots colonization and antibiosis in situ. 
On the other hand, no one of diese modes of action appears to be predominant, and so diey may also 
act together to affect biocontrol and/or to promote plant growth. In a sense, Howie et al. (1986) 
pointed out that antibiotic production had a primary importance, while seed and root colonization 
were of secondary importance. Likewise, ICi.oepper and SchnoTH (1981) reported that mutants 
without antibiosis effects in vitro also do not promote plant growth. In contrast, it is evident through 
our in vitro studies on anribiosis that culture filtrates of our investigated Bacillus suhtilis strains 
exhibited diflerent activit}' against a wide range of pathogenic fungi according to the nature of growth, 
test media, temperature and pH-value. While culture filtrate of B. suhtilis FZB37 in vitro failed to 
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inhibit Fungal growth of Fmarium oxysporum, irs spore's suspension exhibited a sufficient performance 
in sense of plant growth promotion and of antibiosis or competition for nutrients in presence of this 
particular fungi. We suppose that this strain B, suhtilis FZB37 in vivo may produce compounds 
different from those produced /;/ vitro, which induce or enhance plant growth ifi situ. In comparison, 
.strain B, suhi/lij PZB24 exhibiicd a .sLcauy antibiosis agaijisr numerous fungi in vitro and in vivo. 
Further, this strain B. subtills FZB24 also performed bioconrroi activities and plant growth promotion 
on different phmts througli a number of studies conducted luidcr differeiu ecological and biotic 
conditions (Rochow 1992; Dolbj and Bociiow 1996; Kji.ian e.r al. 1998; Sciimtedeknecht and 
BoCHOw 1998, ScHMiEHEKNECHT et al. 1998; Stkinkr 1 998). Currently, we are conducting investi- 
gations to determine in details the required ecological and biotic conditions in order to improve 
biocontrol and plant growth promotion activities of Bacillus suhtllls. This study has identified more 
effective strategies that enhance crop growth and yield as well a.s for biological control of maize and 
sunflower diseases using micro-organisms and should aid commercial ixaiion of biological agents like 
B/iclUus subtiUs, Further, our thoughts could play an important role as a component in biologically 
based management sttategies in agriculture. 
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Biological Control of 

Grape Crown Gall 
with Non-tumorigenic 
Asrohacterium vitis Strain F2/5 

T. J. BURRi* and a L REID2 

A non-tumorigenic strain {F2/5) of Agrobacterium vitis produces an agrocin that inhibited in vHro growth of 21 
of 25 A, vitis, two of 10 A. tumefaciens biovar 1 , and none of nine biovar 2 strains. It inhibited both tumorigenic 
and non-tumorigenic strains. When applied to wourtds on potted woody grape trunks ( Vi^s vinifera L cvs. 
Chardonnay and Riesling) in the greenhouse, the gall sizes were significantly reduced for seven of 10 ;4. vitis, 
one of two A. tum&faciens biovar 1 and one of one biovar 2 strains. TTie numbers of inoculation sites at which 
galls developed was reduced for all but one A. vitis strain. There is a good, but not perfect, correlation between 
in wfro sensitivity to the agrocin and control in vivo. Co-inoculation of F2/5 .with pathogen was as effective or 
more effective in most cases than pre-inoculation of F2/5. When pathogen was inoculated prior to F2/5, the 
level of control was greatly reduced. Conlrol was most effective when equal concentrations of F2/5 and 
pathogen were inoculated and declined for ratios of 1:10 and 1:100 {F2/5 to pathogen), F2/5 contains three 
plasmids, none of which hybridize with a probe, pTHE17, consisting of the T-DNA from A. tumefaciens strain 
C58. 

KEY WORDS: Agrobacterium vitis, A tumefaciens, A. tumefaciens biovar 3, crown gall, biological control 



AgrobactpAum vitis (16) formerly designated as A 
tumefacip-ns biuvar 3 or biotype 3, is the most predomi- 
nant speciea causing crown gall disease on grape (3). 
The bacterium survives systeinically in grape and is 
frequently diaseminated in propagation material (4). 
Recently, methods have been tested for developing 
pathogen-free vines using shoot tip culture (6} and heat 
therapy (7), However, once clean vines are obtained, it 
will be necessary to protect them from reinfection from 
A. vitis inoculum that may persist in decaying grape 
debris in vineyard soils (1,3,5). 

Biological control of crown gaU has been highly 
successful on several crops uaing A radiobacter strain 
K-84 (12); however, A vHis is not controlled by this 
strain (3). Therefore, several laboratories have attempted 
to identify biological controls that are eflFective against 
A vitis (13,17,19,20). Xiaoying and Wangnian (21) 
isolated a non-tumorigenic strain of biovar 1 ( HLB-2) 
that inhibited growth of several A. vitis strains and 
suppressed development of the disease on grape in the 
greenhouse. Staphorst evaluated 16 strains including 
strain F2/5 which was efiective against some A vitis 
strains in laboratory and in greenhouse tests (18). UTie 
purpose of this research was to test F.2/5 against several 
strains of Agrobacterium from different geographical 
regions. F2/5 was evaluated for in vitro activity and for 
control on grape in the greenhouse. Ratios of pathogen 
to F2/5 were tested as well as timing of appl icati on of F2/ 
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5 to in relation to inoculation with the pathogen. PI as- 
mid content of F2/5 was compared to that of K-84 and 
HLB-2 and Southern analysis was done to determine if 
native plasmids of F2/5 hybridizie with a DNA probe 
consisting of T-DNA from A, tiimefacip.rui strain C58 (8). 

Materials and Methods 

Bacterial strains: Strains used are listed in Table 
1. All strains were stored at -80"C in cryogenic storage 
medium (1.2 g nutrient broth, 22,5 g glycerol, 85 mL 
distilled water). Inocula for experiments were grown on 
potato dextrose agar (PDA, Difco) or MG medium (10). 
Strain F2/5, previously referred to as F2 (17), was kindly 
provided by Dr. J. L. Staphorst (Plant Protection Re- 
search Institute, Private Bag X14, Pretoria 0001, Rep. 
of South Africa) and obtained by APHIS permit No. 1 
PPQ 584, 

In vitro assay: Evidence for the production of an 
agrocin was obtained by placing a 10 jiL drop of a 
suspension of strain F2/5 containing about 10® colony- 
forming units (CFU) (optical densiiy of 0.1 at 600 nm 
determined with spectrophotometer) was applied to the 
center surface of a 9-cm petri plate containing 20 ml^ of 
MG medium. Plates were incubated for 48 hours at 
28*^0, at which time bacterial cells were killed by chlo- 
roform vapor, and bacterial growth was scraped from 
the plates. Subsequently, the surface of the plates were 
sprayed until wetted with suspensions (about 10* CFU/ 
inL) of bacteria to be tested for sensitivity. Forty-four 
Agrobacterium strains were test-ed for agrocin sensitiv- 
ity including A. tarmfacien.s biovar 1 (5 tumorigenic, 6 
non-tumorigenic), biovar 2 (5 tumorigenic and 5 non- 
timaorigenic), and A, vitis (17 tumorigenic and 6 non- 
tumorigenic). Plates were incubated at 28°C, and the 
sizes of inhibition zones were recorded after 48 hours. 
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Table 1 . Sensitivity of Agrobacterium vftis and A, tumefaciens biovars 1 and 2 
to agrocin produced by strain F2/5. 



Strain 


Source* 


Blovar or 
species 


Tumor*' 


Sens. Xo"" 
agrocin F2/3 


CG628 


Burr, grape. NY 


t 


+ 


- 


CG632 


Burr, grape. NY 


1 


+ 


• 


CG640 


Burr, grape, NY 


1 


+ 


- 


CG64S 


Burr, grape, NY 


1 


+ 


• 


CG90 


Burr, grape, NY 


1 


- 


- 


CG91 


Burr, grape, NY 


1 


- 


■ 


CQ210 


Burr, grape, NY 


1 


- 


+ 


CG219 


Burr, grape, NY 


1 


- 


- 


C68 


Dickey, cherry, NY 


1 


- 


-H- 


HLB2 


Xiaoying, hop, China 


1 


- 


- 


CG907 


Burr, raspberry NY 


2 


+ 


- 




Ark, rose, CA 


2 


+ 


- 


K-47 


Kerr, Australia 


2 


+ 


-, 


R-3 


Dickey.rose, NY 


2 


+ 


- 


CG978 


Burr, pussywillow, NY 


2 




- ■ 


CG414 


Bun-, soil, NY 


2 


- 


- 


CG423 


Burr, soil, NY 


2 


- 


- 


CG43d 


Bun', grape root, WA 


2 


- 


- 


K84 


A. Kerr, peach. Australia 


2 


- 


- 


CG47 


Burr, NY 


Av^ 


+ 




CG49 


BuiT, NY 


Av 




-H-+ 


CG56 


Burr. Ml 


Av 


+ 


• + 


CG60. 


Burr, NY 


Av 


+ 


-H-H- 


CG78 


Burr. NY 


Av 


+ 


++ 


CG98 


Burr, VA 


Av 


+ 


■H-H- 


CG102 


Bun-. VA 


Av 


+ 


-H-H- 


CG106 


Burr, MS 


Av 


+ 


+++ 


CG108 


Bun-, NM 


Av 


+ 


-H-H- • 


CG660 


Bun-, NY 


Av 


+ 


- 


CGd93 


Bun-, NY 


Av 


+ 


+ 


CG696 


Bun-, NY 


Av 


+ 


++ 


Ag57-81 


Panagopoulos, Crete 


Av 


+ 


++++ 


AA25. 


Encdani, Afghanistan 


Av 




+++ 


1860(3) 


BazzI, Italy 


Av 


+ 


+ 


NW-161 


Bien, Gemnany 


Av 


+ 




K306 


Ophel. Australia 


Av 


+ 




CX3472 


Burr.WA 


Av 




-H- 


CG481 


Burr, NY 


Av 






CG462 


BurT,WA 


Av 




+■!-++ 


CG4a3 


Bun.WA 


Av 






CG487 


Bun-.WA 


Av 






CC488 


Burr.WA 


Av 






CXji669 


Bun. grape, NY 


?• 






CG670 


Bun-, grape, NY 


? 




+ 



''Author, plant from which isolated, and state or country. 
Tumortgenlcity as determined on sunflower, kalanchoe, tomato, ancf/or grape. 
*^R€lalive size of inhibition zone (mm): -= no Inhibition, 0< + £l,1< + + ^2,2<+ + + ^3,3< + + + +. 
''Av = A. vftis . Ail strains were Isolated from grape. • 

Assay on grape: Rooted grape, Vitis vinifera L. 
cuttings, (about onc-month-old cvs. Chardonnay and 
Riesling), were used. They had been stored prior to 
planting as cuttings of dormant canes with three nodes 
. Inoculations with bacteria were made by applying 75 



\iL of bacterial cell suspensions in 
holes that were bored in the living 
woody stems of the plants with an 
electric drill. The drill bit diameter 
was about 6 mm and holes were drilled 
to the depth of the pith. Three or four 
inoculations were made to each plant 
and inoculation sites were wrapped 

rzi ml---. — 

VYJltli ptUailXUl. XllC 11 UXLIUCX O Ui. AUUCU- 

lation sites at which galls developed 
and gall size (mm^ of gall surface 
area) were recorded 8 weeks after 
inoculation. Sterile distilled water 
was appUed as a negative control. 
Data were analysed using the Waller- 
Dimcan K-ratio test. 

Biological control activity of F2/5 
against different strains of A, 
tumefaciens was tested. Wound sites 
were first inoculated with 75 of a 
suspension (about 10** CFU/mL) of 
F2/5 or sterile distilled water. About 
90 minutes later, they were inocu- 
lated with the same volume and con- 
centration of A vitis or A turmfa- 
cieiis strains. To test the effect of 
applying the pathogen and F2/5 at 
the same time; a suspensions con- 
taining equal concentrations of F2/5 
and pathogenic strains (10^ CFU/mL 
for each) were inoculated to womid 
sites. 

We also tested the effects of ap- 
plying F2/5 at different times in rela- 
tion to inoculation with the patho- 
gen. Suspensions of F2/5 and A. vitis 
strain K306, of equal concentration 
(about 10^ CFU/mL) were used. Li 
one experiment, F2/5 or sterile dis- 
tilled water were applied about 10 
minutes, five hours, and 16 hours 
prior to inoculation with K306. In 
another experiment, strain K306 or 
sterile distilled water were applied to 
wound sites and F2/5 was applied 
about 10 minutes, three hours, six 
hours, or 18 hours later. All experi- 
ments were repeated at least once. 

Biological control as affected by 
concentration of F2/5 in relation to 
concentration of the pathogen was 
tested using ratios of 1:1, 1:10, and 
1:100 of F2/5 to pathogen- In these 
experiments, F2/5 was apphed at a 
concentration of about 10^ CFU/mL 
90 minutes before inoculation with pathogen. A, vitvi 
strains included CG106 and KS06. Pathogens and F2/5 . 
were also applied alone to plants as described above. 
Suspensions of pathogens andF2/5 were serially diluted 
and plated on PDA medium to verify populations and 
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Fig. 1 . (A) Effectof pre-inoojlationoff F2/5 on gaQ size. (B) The percentage otinoculation sitesat which 
galls developed. 



ratios. All experiments were repeated at least once. 

Agrocin effect in mixed inoctilatious: The ef- 
fect that secreted agrocin in F2/5 cultures may have on 
survival of cells of the pathogen that were co-mixed with 
F2/5 prior to inoculation was determined. Cultures of 
F2/5 and strains K306, CG49, and CG51 (spontaneous 
rifampicin mutant of CG49) were grown on PDA or PDA 
plus rifampicin (50 |Ag/mL) and then suspended in 
distilled water to a concentration of about 10^ CFU/mL. 
F2/5 and single pathogenic strains were mixed at equal 
concentrations in distilled water and incubated at 25°C. 
Populations of pathogen and F2/5 were measured im- 
mediately after mixing and after one and four hours by 



plating on PDA (or PDA plug rif) and 
on RS medixmi (F2/5 only produces 
small colonies on RS that are distinct 
from strains CG4d and K306). Plates 
were incubated 48 hours (PDA) or six 
days (RS) at 28°C, and colonies were 
counted. The experiment was re- 
peated once. 

Southern analysis of F2/5 
plasmids: PlasmidDNA was isolated 
from Agrobacterium strains K-84 , 
HLB-2 andF2/5, and CG56 using the 
method of Slota and Farrand (17). 
Undigested plasmids were electro- 
phorescd in 0.7% agarose in TBE (14) 
at 5 V/cm. DNA was stained with 
ethidium bromide and visualized. 
DNA was then Southern transferred 
to GeneScreen Plus-Hybridization 
Transfer Membrane (Dupont, NEN 
Research Products) by alkaline trans- 
fer. Hybridizations were done withT- 
DNA probe, pTHE17 (8) which was 
labeled by random primed incorpora- 
tion of digoxigenin-labeled 
deoxyuridine-triphosphate using a. 
non-radioactive DNA labeling kit ((Je- 
nius, Boehringer Mannheim, India- 
napolis, IN), 

Membranes were pre-hybridized 
at 68*^0 for 135 minutes and hybrid- 
ized at 68"C for 1 8 hours in 0.03 mL 
hybridization solution/ cm^membrane 
containing 25 ng/mL of labeled probe 
pTHE17. Following post-hybridiza- 
tion, rinses, blocking, and incubation 
with antibody-conjugate solution and 
subsequent rinses, the membrane was 
pi aced within a hybridization bag that 
was open on two sides and saturated 
with a suIBcieat quantity of LumiPhos 
530 (Boehringer Mannheim, for 
chemiluminescent detection of alka- 
Une phosphatase) to saturate the 
membrane. It was then incubated in 
the dark (wrapped in aluminum foil) 
for one minute. The excess I^umiPhos 
530 was then drained from the hybridization bag, the 
bag was sealed and wrapped in foU and incubated at 
3TC for 30 minutes. The membrane was subsequently 
placed in a fihn cassette, exposed to X-ray film (Kodak 
XAR) for eight minutes, and then developed. 

Results 

In vitro assay: F2/5 produces an agrocin that is 
primarily inhibitory to A vitis strains (Table 1). How- 
ever, two A tumefaciens biovar 1 strains (CG210 and 
C58) were sensitive and three A. vitis strains (CG660, 
CG481, and CG487) were not. Sensitivity to agrocin was 
not correlated with tumorigenicity, since some 
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Fig. 2. (A)Effeclofcwinocu!ationo1F2/5and/lgroi)a(rfenamstrain5ongalls^^^ 
of inoculation sites at which galls developed. 



tumorigemc and non-tumorigenic strains of A vitis 
were highly sensitive as determined by relative iixhibi- 
tion zone Bizes that were produced on bioassay plates. 

In vivo activity: F2/5 significantly reduced gall 
size caused by seven of 10 A vitis, 1 of 2 A tumefaciens 
biovar 1 and 1 Wovar 2 strains when applied prior to 
inoculation with the pathogen (Fig. lA). It reduced the 
numbers of galls on plants inoculated with all strains 
except one, A vitis (CG78) (Fig. IB). When applied at 
the same time as the pathogen (co-inoculated), it signifi- 
cantly reduced gall sized and the number of galls pro- 
duced for eight of nine A vitui strains and one A 
tumefaciens biovar 2 (Fig, 2A and 2B). Again F2/5 did 



not affect gall formation by CG78. In 
no case did F2/5 induce galls. 

F2/5 was most effective when ap- 
plied at the same concentration as 
the pathogen (Fig. 3). At a ratio of 
1 :10, (F2/5 to pathogen) galls sizes for 
strain CG106, but not for K306, were 
smaller than the control. At 1:100, 
far >ioth strains were not 
different from the control. The num- 
ber of galls induced by CGI 06 was not 
greatly reduced when F2/5 was pre- 
inoculated at the 1:1 ratio, but was 
significantly reduced when CG106 
was co-inoculatcd with F2/5. 

F2/5 was most effective in reduc- 
ing tvunor size and number of inocu- 
lation sites with galls when applied 
prior to nr at the same time as inocu- 
lation of the pathogen (Fig. 4). When 
the pathogen was applied prior to F2/ 
5, gall size and numbers of inocula- 
tion sites with tumors were not dif- 
ferent from plants that were only 
inoculated with the pathogen. 

Agrocin effect in mixed in- 
oculum: There was no detectable 
effect of residual agrocin from F2/5 
on A. vitis survival when mixtures of 
the strains were made in water. The 
population.^ of F2/5 m the inoculum 
mixtures equaled 4.3 X 10^ CFU/mL, 
whereas CG49, CG5 1, and K306 were 
4.9 X 10^ 1,5 X 10^^ and 2.5 X 10^ 
respectively. After four hours in the 
mixture with F2/5. populations of 
CG49. CG51, and K306 were 7.7 X 
10^ 3.7 X lO*^' and 4.3 X 10^ respec- 
tively, 

Piasmid profiles and South- 
ern analysis: Piasmid profiles of K- 
84, HLB-2, and CG56 were identical 
to the se previously reported (8 ). Strain 
F2/5 contains three plasmids (Fig. 
5A) one being smaller than typical 
plasmids associated with turaorigcnic 
Agrubaclerium (l^-plasmids). Whereas a single piasmid 
from K-84, HLB-2, and CG56 hybridized with pTHEl7, 
there was no hybridization witii F2/5 (Fig. 5B). 

Discussion 

Several aspects that are important to the develop- 
ment of commercial usage of F2/5 have been deter- 
mined. F2/5 is an A vitis strain that reacts with a 
species-specific monoclonal antibody (2) and produces a 
secreted polygalacturonase(15)(Bunv unpublished data, 
1992), It is non-tumorigenic, was originally isolated 
from grape (17), and therefore like other A. vitui strains, 
is likely to sxirvive well epiphytically and endophytically 
on grape (1,3,4,5). It also produces an agrncin that xs 
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Fig. 3. (A) Effect of time of application of F2/5 in relation to inocuiation witfi 
pathogen on gall size. (B) The percentage of inocuialion sites at wliicfi galls 
develop. 

primarily active against turaorigenlc and non- 
tumorigenic A. vitis strains. In contrast, sensitivity to 
the agrocin produced by strain K-84 is encoded by 
determinants on certain Ti plasmids (tumorigenic 
strains), and A. vitis strains are not sensitive (3). We 
have demonstrated that F2/5 is active against several A. 
vitis and A. tumpfaciens strains and that the effective- 
iieas of control will depend on applying F2/5 prior to 
infection by the pathogen and at concentrations equal to 
or greater than that of the pathogen. It will be essential 
now to conduct field experiments by treating A. vitis- 
frce vines prior to planting in pathogen-infested soUs, 

Other potential biological controls for grape crown 
gall have been reported from laboratories in South 
Africa (19) and China (12,20). One strain from China, 
HLB-2, was recently evaluated against a group of A. 
vitis strains from the U.S. (9), HLB-2 is a non-tumorigenic 
A iamefaciens hiovar 1 strain that produces an agrocin 
that is active against several strains o( Agrobacterium. 
Although it reduces gall formation in vivo, it may not be 



as active as FZ/S, since poor control was achieved when 
co-inoculations were made using a 1:1 (HLB-2:patho- 
gen) inoculum ratio. Galls were prevented, however, for 
six of eight and seven of eight strains when 10:1 and 
100:1 ratios were tested, respectively. 

Although most strains of A. vitis are sensitive to the 
agrocin that is produced by strain F2/5» the role of the 
agrocin in control of crown gall on grape is not clear. For 
example, strain CG7K is sensitive to agrocin i« vitro, but 
gall size or numbers of inoculation sites with galls are 
not significantly reduced. Another strain, CG660, is not 
sensitive to F2/5 in vitro, but gall size was reduced in the 
co-inoculation experiments and numbers of galls at 
inoculation sites were reduced. Similarly, the A. tume- 
faciens biovar ] and 2 strains used for in vivo experi- 
ments were not sensitive to the F2/5 agrocin in vitro, hut 
galls sizes were significantly reduced tor CG648 (hiovar 

1) when F2/5 was pre-iiioculated and for CG936 (biovar 

2) in the co-inoculatioa experiment. Numbers of inocu- 
lati on fi sites with tumors was also reduced for the biovar 
1 and 2 strains. We, therefore, feel that the agrociji may 
be involved with biological control, but other mecha- 
nisms are likely to be involved and need further inves- 
tigation. Staphorst, el ai (18) reported similar inconsis- 
tencies between in vitro sensitivity of pathogens to F2/ 
5 and subsequent biological control. Similar conclusions 
have been drawn with strain K-84 in that agrocin is an 
important factor contributing to biological control; how- 
ever, other factors such as competition for binding sites 
are also likely to be involved (10). 

It is interesting that co-inoculation of F2/5 together 
with the pathogen is as effective and sometimes more 
effective than applying F2/5 to wound sites prior to the 
pathogen. We demonstrated that this is not due to 
killing of the pathogen in the inoculum mixture by 
residual agrocin. In fact, PDA medium that is used for 
growing F2/5 for biological control experiments pro- 
duces low to non-detectable levels of agrocin as mea- 
sured by plate bioassays (Burr, unpublished data, 1992). 
Therefore, we arc not certain how F2/5 is suppressing 
gall formation by the pathogen. If agrocin is a primary 
factor, it appears that it must be produced at the wound 
site on the plant. It is also possible that F2/6 is competes 
for bind ing sites or aifects tumorigenisis in some other 
way. 

The genetic determinants for agrocin production by 
F2/5 have not been identified. The mechanism of agrocin 
F2/5 sensitivity is apparently different from that of K-84 
(agrocin 84) which is Ti plasmid dependent, since non- 
tumorigenic strains of biovar 3 maybe sensitive. Strain 
F2/6 ceirries three plaismids, two of which are compa- 
rable in size to the Ti plasmid (about 200 Kb) and none 
of which hybridize with T-DNA probe, pTHEl7. In 
contrast, a 200 Kb plasmid from K-84, known to encode 
nopaline catabolism, shares some homology with pTHE 17 
(8). This result supports greenhouse pathogenicity tests 
that demonstrate F2/5 is non-tumorigenic. 

Conclusions 

* We have demonstrated that A. vitis strain F2/5 has 
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Fig. 4. (A and 0) Effect of ratio of F2/5 to pathogen on galls size. (B and D) The percentage of 
inoculation sites at which galls develop. 



potential as a biological control of grape crown gall. 
Because A . vitis is host-specific to grape, it is likely that 
F2/5 will survive and compete well on grape. Further 
research on the competitiveness of F2/5 in relation to 
tumorigenic^l. vitis strains is necessary. F2/5 is clearly 
non-tumorigenic because of its failure to induce galls on 
plants in the greenhouse and to hybridize with a T-DNA 
probe. It will be essential to apply F2/5 to grapevines 
prior to infection and at a concentration equal to or 
greater than that of the pathogen. We propose that 
discase-jfree vines will be inoculated with F2/5 prior to 
planting in the vineyard. It will now be important to 
conduct field experiments with F2/5 by treating plants 
and growing them in A. vitis-infested soils. It would be 
best-to conduct such trials in cold cUmates, where Freeze 
predisposes plants to crown gaU infection. 
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